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Summary

The research work carried out at RERI in the three year period from March 1999 to
April 2002 can be divided into four areas: 1— fractured reservoirs simulation and physics, 2 -
gravitational potential variation of the sun and moon for the prediction of reservoir
properties, 3 — use of concepts from irreversible thermodynamics in undertaking of diffusion
process in hydrocarbon reservoirs, and 4 — new phase formation in relation to solution gas
drive in heavy oil reservoirs.

Chapter | covers water injection in water-wet and mixed-wet fractured reservoirs.
Part | presents the use of the Galerkin finite element method for numerical simulation of
water injection in water-wet and mixed-wet oil reservoirs. It is demonstrated that capillary
pressure has a significant effect both in water-wet and mixed porous media. The numerical
model is currently being extended to 3-D. Part Il presents an analytical solution to the
problem of 1-D countercurrent imbibition in water-wet media. The analytical solution is
presented for the first time without a restriction to capillary pressure and relative
permeability. Part Il covers experimental data on water injection in water-wet and mixed-
wet media. Viscous forces are used to represent gravity effect which can be very important
in mixed-wet media. Part IV covers a review of water injection in fractured reservoirs
prepared as a distinguished article.

Chapter Il covers the estimation of reservoir compressibility and permeability from
the gravitational potential variations of the sun and moon. In Part I, the total
compressibility in a fractured reservoir is estimated from pressure variations in a non-flowing
well. There is agreement between the estimated compressibility and the compressibility
from reservoir depletion. In Part Il, we develop the mathematical model for the estimation
of effective permeability from gravitational potential measurements. Results indicate that we
can mainly estimate the range of effective permeability.

Chapter 111 is divided into three parts. Part Il covers the numerical simulation of
convection and diffusion in two-phase flow. The results show that GOC contact can be
tilted in two-phase systems. In Parts Il and Ill, the unusual fluid distribution and GOR
performance in a fractured gas-condensate reservoir is modeled. In this reservoir, heavier
fluids float on top of a light fluid. The GOR also decreases with production. Both the fluid
distribution and the GOR are reported for the first time in the petroleum literature. In
recent past work we have formulated the thermal, molecular, and pressure diffusion in
nonideal multicomponent mixtures from irreversible thermodynamics. The total species flux
is a result of both convection and diffusions (molecular, pressure, and thermal). When these
effects are accounted for, the unusual fluid distribution and GOR performance can by
predicted.

Chapter 1V presents the work on solution gas drive in heavy oil reservoirs. In three
parts, the essence of our findings related to low gas mobility in such systems are discussed.
In Part | we present gas and liquid relative permeabilities for solution gas drive in heavy oil
reservoirs for the first time in the literature. In Part 11, the effect of GOR, temperature, and
initial water saturation on recovery performance are covered. Our interests in this topic
include both practical applications and interfacial thermodynamics in relation to new phase
formation in porous media. The latter has wide application in other areas of petroleum
engineering from wettability to production and transport of petroleum fluids. The last part
of chapter 1V covers an invited paper for the Journal of Canadian Petroleum Technology to
review significant aspects of solution gas drive in heavy oil reservoirs.

Xiii



Chapter |- Water Injection in Fractured Porous Media

Part I- Numerical Simulation of Water Injection in Fractured Media

MOHAMMAD KARIMI-FARD AND ABBAS FIROOZABADI

Abstract

Numerical simulation of water injection in discrete fractured media with capillary
pressure is a challenge. Dual-porosity models in view of their strength and simplicity can
be mainly used for sugar-cube representation of fractured media. In such a representation,
the transfer function between the fracture and the matrix block can be readily calculated
for water-wet media. For a mixed-wet system, the evaluation of the transfer function
becomes complicated due to the effect of gravity.

In this work, we use a discrete-fracture model in which the fractures are discretized as
one dimensional entities to account for fracture thickness by an integral form of the flow
equations. This simple step greatly improves the numerical solution. Then the discrete-
fracture model is implemented using a Galerkin finite element method. The robustness
and the accuracy of the approach are shown through several examples. First we consider
a single fracture in a rock matrix and compare the results of the discrete-fracture model
with a single-porosity model. Then, we use the discrete-fracture model in more complex
configurations. Numerical simulations are carried out in water-wet media as well as in

mixed-wet media to study the effect of matrix and fracture capillary pressures.



Introduction

Numerical simulation of oil recovery from fractured petroleum reservoirs remains a chal-
lenge. The heterogeneity of the porous media and the connectivity of the fractures have
a significant effect on two-phase flow with capillary pressure and gravity effects. Dual-
porosity models’?® have been used to simulate two-phase flow with connected fractures;
the sugar-cube model configuration has been studied in such a model. This approach,
although very efficient, suffers from some important limitations. One limitation is that
the method cannot be applied to disconnected fractured media and cannot represent the
heterogeneity of such a system. Another shortcoming is the complexity in the evalua-
tion of the transfer function between the matrix and the fractures. In fact, in mixed-wet
fractured media, a dual-porosity model may lose accuracy due to the effect of gravity.
The single-porosity model provides the accuracy, but it is not practical due to very
large number of grids. A large number of grids is required because of two different length
scales (matrix size and fracture thickness). A geometrical simplification of the single-
porosity model can make it applicable to larger configurations. The simplified model is
called the discrete-fracture model. In this model, the fractures are discretized as one
dimensional entities. The heterogeneity is accounted accurately and there is no need for
the transfer function; it can also be applied to both water-wet and mixed-wet media.
The discrete-fracture model was first introduced for single-phase flow. Noorishad and
Mehran* and Baca, Arnett and Langford® were among the early authors to use one
dimensional entities to represent fractures. These authors used finite element formulation
to simulate 2D single-phase flow through fractured porous media. Noorishad and Mehran*

solved the transient transport equation in fractured porous media using an upstream



finite element method to avoid oscillation for convective-dominated flow. Baca et al.’
considered a 2D single-phase flow with heat and solute transport. The two media (matrix
and fractures) are coupled using the superposition principle.

For two-phase flow with capillary pressure, very limited work can be found in the
literature using the discrete-fracture model. The work of Bourbiaux et al.® is based on
finite volume discretization; they use the so-called joint-element technique to represent
the fractures. The same approach is used by Granet et al.” for single-phase flow. The
work of Kim and Deo®? is based on the finite element method and the use of the super-
position principle to couple the two media. Their approach is similar, in principle, to the
work of Noorishad and Mehran* and Baca et al.>. Kim and Deo employ a fully-implicit
formulation and solve the set of nonlinear differential equations using the inexact Newton
method. The numerical results presented by Kim and Deo show that the agreement be-
tween the discrete-fracture model from the finite element method and the single-porosity
results from the conventional approach are sometimes not close.

The main advantage of the finite element method in reservoir simulation is the possi-
bility to discretize a geometrically-complex reservoir with an optimal use of mesh points.
Mesh refinement around a well can be limited to the well zone which may not be practical
in the standard finite difference method. In a recent work!? , multi-block gridding is used
in the finite difference discretization to represent a complex geometry. This approach
although effective, may cause the loss of the simplicity and the efficiency of the standard
finite difference method.

The standard finite element approach is more complicated than the finite difference

method and numerically less efficient. These disadvantages can be overcome by using



! presents a simplified approach for two-

a simplified finite element approach. Dalen!
dimensional flow in homogeneous media.
In this work, we use a Galerkin variational method with the finite element discretiza-

12,13,14

tion. The variational method has been used successfully in single-phase flow and

15,16,17,18,19  OQyr approach is similar to the work of Kim and Deo? . In our

two-phase flow
work we use the implicit pressure - explicit saturation method (IMPES), whereas Kim
and Deo used a fully-implicit approach. We demonstrate excellent agreement between the
discrete-fracture model and fine grid simulation. An extensive set of examples including
a 25x25 m cross-section with a set of discrete fractures are studied for water injection
in water-wet and mixed-wet systems and the effect of fracture capillary pressure. The
cross-section example cannot be presently modeled in a finite difference simulator.

In the following, we first present the mathematical formulation of the problem followed
by the numerical approach to solve the system of equations that defines the problem. In
the Results section, we first present the effect of gridding on numerical dispersion, and

then validate the discrete-fracture model. We also include the numerical results from

water injection in a complex fractured media of different dimensions and wettability.

Mathematical Formulation

The basic equations of an incompressible two-phase flow accounting for capillary pressure
and gravity effect are obtained by combining Darcy’s law and mass conservation for each

phase.



0 (¢Sn)

5 = V- (A (Voo = pag)) + an, (1)
) = 9. (00 (T = o) + @)
Su+ Sw =1, (3)

Pn— Pw = P (Sw). (4)

In the above equations subscripts n and w represent the non-wetting and wetting phase,
respectively. The symbols are defined in the Nomenclature. The mobility of each phase

is defined by

A = kkm, Aw = kk””, (5)
s P

where k£ is the absolute permeability, k. the relative permeability and p the viscosity.

Assuming § = —gZ, we define a flow potential for each phase
P = pn + PrYz, (6)
Py = puw + Py, (7)



where z is the vertical direction; it is positive upward. For practical reasons we define &,

to include the gravity and the capillary effects.

.=, — Dy =P.+ (pr — puw)gz- (8)

Based on these definitions, the flow equations for two-phase flow are written as

0 (gf") — V. MV, + g, 9)

0(#%) _ g, Ao V®s) + Gu, (10)
ot

Sp+ Sy, =1, (11)

&, — ®,, = d,. (12)

In this work, we assume that the boundary of the domain is impervious. Therefore, the

normal velocity of each phase is equal to zero at the boundary.

Tyl =— (\V®,) -7 =0, (13)

Ty 7= — AV ®y) - 77 = 0. (14)

The above two equations provide our basic boundary condition.
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Equations ??-?7 can be combined and formulated in terms of only two dependent variables?’ .
In our formulation, the two dependent variables are saturation and flow potential for the

wetting phase.

V- ((/\n + /\w) V(I)w) =-V-: ()‘nv(bc) - (Qn + Qw) ’ (15)
9 (¢Sw) _
5 = V- (V) + gu. (16)

Equations ?? and 7?7 are written separately for the matrix and the fracture media. Our
work centers on the idea of the use of the discrete-fracture approach which is a one-
dimensional representation of the fractures. As a result, Eqs 7?7 and 77 will be discretized
in two-dimensinal form for the matrix and in one-dimensional form for the fractures. To
examine this idea, we consider a portion of a porous medium that includes one fracture
(see Fig. 7?). The whole domain is represented by €2, the matrix by €2, and the fracture
by €.

Let FEQ represent the flow equations ??7 and ?7. According to Fig. 77, the integral

form of these equations for the single-porosity model can be written as

//QFEQdQ://Q FEQ dQ,,

+//Q FEQ dS; (17)

The same integral for the discrete-fracture model is written as

7



//QFEQdQ://Q FEQ dQ,,

e x / FEQ dQ, (18)
Q

where () 7 represents the fracture part of the domain as a 1D entity.

In the discrete-fracture model, it is assumed that inside the fractures, all variables
remain constant in the lateral direction; the thickness e of the fracture appears as a
factor in front of the one dimensional integral for the consistency of the integral form.
Comparison of the discrete-fracture model to the single-porosity model reveals that the
only difference is the evaluation of the integral inside the fracture which considerably
simplifies the problem. This is the main idea of the discrete-fracture model which can be
applied in any complex configuration for fractured porous media. In the next section, we
will present the numerical solution of the flow equations using finite element discretization

and the IMPES technique.

Numerical Method

We use the Galerkin variational method and the finite element discretization to solve
the flow equations ?? and ??. The variational form of these equations including, the

impervious boundary condition can be written as

//Q (An + Ao) VOL,VT dQ = — //Q A VO VT dQ
+//Q(qn+qw)\I'dQ (19)



//Qa((gfw)\lfdﬁ = —//Q)\MVCDU,V\I/dQ
+//Q GV dQ (20)

where U is the weight function. The geometry is discretized using triangular elements for
the matrix and line elements for the fractures. Figure 7?7 presents the discretization. In
the discretized geometry we define a basis of weight and shape functions which are the
same in the Galerkin method. We consider piecewise linear weight and shape functions

verifying
Wiz, y5) = 0 (21)
All dependent variables are approximated as

X(@,y) =Y _():¥ilz, y) (22)

i
where (x); is the value of x at node i and x is any of ®,,, ®., Sy, ¢, or ¢, variables.

Eqgs 7?7 and 7?7 can be written in a matrix form when using the discrete weight and

shape functions.

T®,, = Be (23)

MS = Bg (24)

The elements of the flow matrix T and the mass matrix M are defined by

9



M];; = /Qqﬁ\lli\lljdﬂ (26)

and the right hand sides of 7?7 and 7?7 are defined by

[Ba); = Z / / ), V&V, dS
+Z// (gn)i + (qu)i) ¥, 9; dQ) (27)

[Bs]; = Z// )iV VT, dQ
+3 / / (¢w)i0;9; dQ2 (28)
y Q
The mobilities of the phases are written as

L A, = kP
Hn Hw

= kAy, (29)

the absolute permeability & is defined inside each element and the relative moblity X is
defined at each node. These relative mobilities are subject to upstream weighting based

on flow direction!'!. Thus, the upstream mobility between two nodes is defined by

_ j\z if d, > (I)j
= (30)

Aj it @ < Py
In the standard finite element approach, the mass matrix is not diagonal. To be able to
update the saturation explicitly and improve the efficiency of the method we use a lumped
mass matrix. This diagonal form may be obtained by adding off-diagonal elements onto

the diagonal, either by rows or by columns. The lumped mass matrix is defined as

10



[D];; = //Q P¥; dQ2 (31)

All integrals over €2 are separated to a matrix part, €, and a fracture part, 7. The
thickness of the fratures, e appears as a factor in the fracture integral (see Eq. ?7).
Details of the numerical integration and the finite element discretization are provided by
Reddy?! .

The time derivation is discretized using the backward Euler method. We use an
adaptative time step based on saturation change. This empirical method is very simple
to implement and provides good results.

The gridding is performed using the public domain software, emc2??. This software is
able to generate a Delaunay triangulation of a 2D geometry.

The flow matrix is inversed using a direct solver optimized for band matrix (DG-
BSV from LAPACK). Even for the unstructured gridding by proper numbering of mesh
points one can concentrate the matrix coefficients around the main diagonal and improve

considerably the efficiency of the direct solver.

Results

The robustness and the accuracy of the algorithm are shown through several examples
for water injection. First, we consider a rock matrix with a single fracture at different ori-
entations and compare the results from the discrete-fracture model with a single-porosity
model for validation. Then water flooding is performed in a more complex fractured

media. The complex fractured media include both water-wet and mixed-wet systems.
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Table ?? presents the density and viscosity of water and oil phases. We choose water
for the wetting phase and oil for the non-wetting phase for a water-wet system. For
a mixed-wet system there is no need for such a phase identification. The porosity and
the permeability of the matrix are ¢ = 20 % and k,, = 1 md, respectively. We use the

following relationship to estimate the fracture permeability,
k; =837%x10°¢* md (e = mm) (32)

Different sets of relative permeability and capillary pressure are considered in this
work. These data are listed in Tables 7?7, ?? and ?77.
Our numerical model can account for different types of relative permeabilities and

capillary pressure variation in different zone of the computational domain.

Numerical dispersion - Before proceeding to the examples for fractured media, we first
examine the numerical dispersion from the model in a homogeneous media. We consider
a homogeneous matrix block of Im X 1m dimension (z, z). Water flooding is studied at
an injection rate of 0.01 PV /day with P, = 0 and linear relative permeability. The aim of
the simulation is to examine the sharpness of the interface. Three different griddings are
considered (153, 581 and 1266 mesh points); the results are presented in Fig. ?? which
shows the water saturation profile along the diagonal (between injection and production
well, see Fig. ??) at 0.4 PV water injection. Some numerical dispersion exists due to the
use of upstream weighting for mobilities. The sharpness of the interface is directly related
to the fineness of the grid. In the simulation we obtain the sharpest interface with the

grid refining. We should point out that in our model there is no oscillation around the

12



interface. Various authors in the past have observed oscillations in saturation in the finite
element method. Indeed the non-physical oscillation around the interface can breakdown

completely the numerical model.

Fractured porous media with a single discrete fracture (Im x 1m) - We consider a
single fracture in the matrix block. Water flooding simulations are carried out for three
different orientations of the fracture. Figure ?? represents the geometrical configuration
(z, z). We consider a fracture thickness e = 0.1 mm (k; = 8.37 x 10° md). The medium is
initially filled with oil. We inject water at the bottom left corner at the rate of g, = 0.01
PV /day. Liquid is produced from the top right corner.

We first present the grid sensitivity for the discrete-fracture model. Note that because
of the complexity of an unstructured grid it is difficult to define an optimal grid. Our
aim is only to obtain a grid 'good’ enough to allow the evaluation of the accuracy of the
model. For that prupose, we will consider the tilted fracture (f = +45°). The geometry
is discretized using five different griddings and the finest gridding is considered as the
reference solution. These griddings and the number of mesh points are depicted in Fig.
??. Simulation of water flooding is performed for each grid system. In the first set of
simulations, the capillary pressure is not considered. Without capillary pressure there
is more restriction on mesh quality. The history of oil production versus water injection
during 5 PV water injection is plotted in Fig. ??. The maximum relative error in recovery
is evaluated by comparing the maximum relative difference between the recovery curve of
the coarse grid with the finest gridding. The relative errors are presented in Table 77.

We note that the grid system with 581 mesh points may be suitable for this example.
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Even the gridding with 289 and 153 mesh points provides good results and can be accept-
able. We will, therefore, use the gridding system with 581 mesh points for our simulations.
The number of mesh points for various configurations of the fracture is presented in Table
?7?. There are more mesh points for the single-porosity model because of two dimensional
representation of the fracture.

Let us evaluate the accuracy of discrete-fracture model by comparing the results with
those obtained by the single porosity model. Two different sets of simulations are consid-
ered. In one set we neglect the capillary pressure and in the other, only matrix capillary
pressure is included. The data used for these simulations are summarized in Table 77.
Each set is represented by a matrix block with one fracture at three different tilts. Figure
77?7 presents the water saturation profile at 0.5 PV water injection. As can be seen, the re-
sults from the discrete-fracture model are in excellent agreement with the single-porosity
model. Also note that capillary pressure has a significant effect on saturation and flow.

The histories of oil recovery at 3 PV water injection are plotted in Fig. ?7. There
is very good agreement between the results from the discrete-fracture model and the
single-porosity model. For the geometrically-simple case of a horizontal fracture we also
used the ECLIPSE simulator?® (based on the finite difference technique) to validate our
results. We show only the production history from ECLIPSE. Figure 7?7 shows that our
results match very well with those by ECLIPSE; 44 x 62 grid points were used for the
simulation with ECLIPSE with very fine grids around the fracture. The grid-block sizes
in horizontal and vertical directions are: 2 x 1, 2 x 1.5, 36 x 2.5, 2 x 1.5, 2 X 1 cm, and
24 x2,1,0.7,0.2, 0.8, 0.01, 4 x 0.005, 0.01, 0.08, 0.2, 0.7, 1, 24 x 2 cm, respectively. The

position of the fracture is from block 5 to block 39 in the horizontal direction and from
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block 31 to block 32 in the vertical direction.

Let us study the inclined fracture at +45°. We examine the saturation profile along
the fracture and the saturation evolution with time in the middle of the fracture at the
center of the porous media. We consider the water-wet system with and without matrix
P, and neglect the fracture capillary pressure. The injection rate is 0.01 PV /day. The
results are summarized in Fig. ??7 where we present the saturation profiles along the
fracture at different pore volumes of water injection, and the evolution of the saturation
with time. As seen, the profiles are sharper when we account for matrix P,. Due to the
capillary pressure, water imbibes into the matrix from the fracture. As a result, the water

front becomes sharper and delays the breakthrough.

Fractured porous media with complex fracture network (Im x 1m) - In this configu-
ration, the fractured media consists of a set of six unstructurally-interconnected fractures.
The gridding is presented in Figure ??. The fracture thickness is e = 0.1 mm and the
fracture permeability is k; = 837000 md. The matrix block size is Im x 1lm (z, z).
The fractures are defined by six pairs of points, as follows: [(-.32, -.1),(.35, .2)]1, [(-.2,
.33),(.35, -.17)]s, [(.05, .24),(.37, .03)]s, [(0, .25),(-.10, -.34)]4, [(--5, -.5),(.5, -.5)]5, [(--15,
-.2),(.3, -.35)]s. The reference point (0,0) is the center of the porous media. The rela-
tive permeability and capillary pressure are presented in Table ?? which correspond to
a water-wet media. The fracture capillary pressure is assumed to be zero. The injection
rate is 0.01 PV/day.

In this example, we study the influence of capillary pressure on oil recovery perfor-

mance. Figure 77 depicts different stages of water flooding with and without matrix
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capillary pressure. When the capillary pressure is neglected, the water front progresses
quickly through the high permeable fractures and reaches the production well. The effect
is a low oil recovery efficiency. On the other hand, with capillary pressure the water front
progresses faster inside the matrix and reaches the production well later. As a result, the
oil recovery is more efficient.

We present in Fig. 77 the oil recovery. Wthout capillary pressure water front reaches
the production well after about 0.4 PV water injection. As soon as there is a connection
between the injector and the producer the oil recovery increases slowly with time. Without
capillary pressure at 3 PV water injection there is about 23% less oil recovery than the

case with P.,.

Fractured porous media with complex fracture network (25m x 25m) - The complex
fractured media is enlarged to 25m x 25m (z, z) to study the effect of gravity. The
injection rate is set to 0.1 PV /year.

Water injection simulations are carried out with and without the matrix and fracture
capillary pressures. First we neglect the capillary pressure. Then we study water injection
in water-wet media with and without fracture capillary pressure. We also study water
injection in mixed-wet media with and without fracture capillary pressure. The matrix
and fracture data for water-wet and mixed-wet media are tabulated in Tables ?? and 7?7,
respectively. The gridding used for 25mx25m cross section is presented in Figure ?7.
Various coarser grids were used for all the simulations on the 25mx25m cross section;
the results revealed that the gridding in Fig. 77 is adequately fine. Figure 7?7 shows oil

recovery, and water saturation profiles are shown in Figure ??7. Figure 7?7 shows that for
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the water-wet media, the fracture capillary pressure has very little effect on oil recovery. In
contrast, for the mixed-wet media the fracture capillary pressure has a noticeable effect
on recovery as it can be seen in Fig. ?7. The effect of fracture capillary pressure on
recovery performance is in line with the same effect on gas-oil gravity drainage?*25. The
evolution of water saturation is presented in Fig. ??7. Water saturation is plotted at 1 and
1.5 PV water injection. As can be seen, when P/ # 0 the fractures are more saturated
with water which results in a higher oil recovery. For mixed-wet media at 1 PV water
injection when P/ # 0 all fractures are nearly saturated with water. For P/ = 0 even at

1.5 PV water injection, there is still some appreciable oil in the fractures.

Concluding Remarks

The combination of the finite element and the discrete fracture model provides a powerful
tool to study multi-phase flow in discrete-fractured media. The finite element method
allows for an explicit and accurate representation of the fractures; such a representation
may not be possible using a finite difference approach. We have carried out several water
injection tests to show the robustness and the accuracy of the proposed methodology
for both water-wet and mixed-wet systems. In our simulations, we found a complete
agreement, between the discrete-fracture model and the single-porosity model; the two
models give nearly identical results. Numerically, the discrete fracture approach has

several advantages which are summarized in the following

e The pre-processing is simple and does not require gridding inside the fractures.

e Avoiding small two-dimensional elements inside the fractures improves the condi-
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tioning of the discrete operator and also permits large time steps.

One should note that when the ratio of the two length scales in a fractured system
as well as the permeability ratio of matrix and fracture are very high, the single-porosity
approach becomes very inefficient numerically. The discrete fracture approach does not
suffer from this limitation.

Finally, the discrete-fracture model can keep its advantages for 3D modeling. We have

embarked upon the work on 3D extension. Results will be published as they become

available.
Nomenclature
e = fracture thickness
g = gravity vector
k = single-phase permeability
k. = relative permeability
77 = normal unit vector
p = Dpressure
P, = capillary pressure
g = volumetric flow rate (source or sink)
S = saturation
t = time
v = velocity
r = Xx-axis
z = z-axis (vertical)

Greek Symbols
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A = mobility

A = relative mobility

u = Viscosity

p = density

¢ = porosity

® = flow potential

U = shape and weight function
Q2 = flow domain

Subscripts and Superscripts

f = fracture
¢t = mnodal point
m = matrix
n = no wetting phase
w = wetting phase
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| Viscosity (cp) | Density (kg/m?) |

Water

1

1000

Oil

0.45

660

Table 1: Fluid properties.

[ Sw [ krw | krn | P (atm) |
0.0 0.0 | 1.0 1.00
0110109 0.60
0.210.210.8 0.40
0310307 0.24
0410406 0.18
0.5] 0.5 0.5 0.14
0.6 0.6 | 04 0.10
07107103 0.07
0.8 0.8 0.2 0.04
0.9]09 0.1 0.02
1.0 1.0 | 0.0 0.00

Table 2: Relative permeability and capillary
pressure for water-wet fractured media.

| Su krw | krn | P (atm) |
0.0 0.0 0.6 1.0000
0.1 451 x107%]4.12x 10"t ] 0.6420
02 [ 144 x10*|268x 1071 | 0.4341
03 [1.10x103[1.63x10 1| 0.3124
0.4 | 4.62x107%{8.90x 1072 | 0.2261
05 | 1.41 x107%2 [ 4.19x 1072 | 0.1592
06 |3.51x107%2[1.53x10"2| 0.1045
0.7 | 758 x 1072 [ 3.30 x 103 | 0.0582
0.8 [ 148 x 107" |1.22x10~*] 0.0182
0.85 0.2 0.0 0.0000
‘ Sw kruw ‘ kn ‘ PJ (atm) ‘
0.0 0.0 1.0 1.000
0.02 1235 x10°2[9.78 x 10-' |  0.350
0.05 | 5.88x10°2[ 941 x 10 ' | 0.150
0.1 [1.18 x 107! | 882 x 107! 0.080
02 [235x1071 [ 7.65x 107t | 0.040
03 [353x101[647x10 1| 0.025
05 | 5.8 x 1071 |4.12x 107! 0.010
0.6 | 7.06 x 1071 [ 2.94 x 10~ |  0.005
0.7 |824x10°'[1.76 x10~' | 0.001
0.85 1.0 0.0 0.000

Table 3: Relative permeability and capil-
lary pressure for water-wet fractured media.
Matrix data (top), fracture data (bottom).
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| Su Ky | kpn, | P (atm) |
0.0 0.0 0.2 1.00
0.1 [1.35 x107° 0.11 0.50
02 [4.32x107*|5.23 x 1072 0.22
0.3 [329x10°[227x 10?2 0.10
04 [1.38x1072[832x103 0.02
05 [423x102]237x103| —0.04
0.6 0.11 440 x 10| —0.20
0.7 0.23 3.42 x 107 —0.60
0.8 0.44 1.41 x 1077 | —2.00
0.85 0.6 0.0 —5.00
| Su K | rn | P/ (atm) |
0.0 0.0 1.0 1.0
0.01 [ 1.18x1072 | 9.88 x 10! 0.3
0.04 | 4.71 x 1072 | 9.53 x 107! 0.1
0.1 |1.18 x 107 | 8.82 x 107! 0.05
0.4 [4.71 x107" | 5.29 x 10~" 0.001 0 | discrete-fracture | single-porosity |
0.5 [5.88x10'[412x 10" | —0.004 =5 581 633
0.7 [823x101[1.76 x10° 1| —0.02 i 580 605
0.8 [9.41 x 1071 | 5.88 x 1072 —0.5 —i5° 573 637
0.8319.76 x 10 | 2.35 x 102 —15
0.85 1.0 0.0 —5.0

Table 6: Number of mesh points for the
discrete-fracture and single-porosity mod-

Table 4: Relative permeability and capil- els. Single fracture configuration.
lary pressure for mixed-wet fractured media.

Matrix data (top), fracture data (bottom).

‘ mesh points ‘ maximum relative error

153 5.3 %
289 3.7 %
581 1.5 %
817 0.65 %
1266 - -

Table 5: Relative error in oil recovery due to
mesh quality. Single fracture configuration
with § = +45°.
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Discrete Fracture Approximation

Single Porosity model
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Water Saturation

o——o 153 mesh points
o - --0 581 mesh points
o- — 0 1266 mesh points
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0.0 L L 0=0—-000—B=0E0—0—0C0
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Normalized position along diagonal

Figure 3: Influence of gridding on the sharpness of the interface along the diagonal at 0.4
PV water injection. Homogeneous porous media. Domain size = 1m X 1m.

1m

Matrix Production

im

Fracture
Injection Matrix

Figure 4: Geometrical configuration of the fracture in the fractured media with a single

fracture.
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Figure 5: Gridding of the fractured media with a single fracture. From left to right: 153,
289, 581, 817 and 1266 mesh points.

25



10 F
0.8 r y Z B
oS
8
S 06 |
°
o
o
g 0.4 r —— 153 mesh points 7
o ---- 289 mesh points
©o—— 581 mesh points
e——o 817 mesh points
0.2 - B
OO | | | |
0.0 1.0 2.0 3.0 4.0 5.0

PV Water Injected

Figure 6: Oil recovery vs PV injection for different griddings: fractured media with a
single fracture (water-wet), # = +45°. Domain size = Im x 1m.
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Single-Porosity Model
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Water Saturation
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Figure 7: Water saturation profiles at 0.5 PV water injection: fractured media with a
single fracture. Domain size = 1m x 1m. 27
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Figure 8: Oil production history: fractured media with a single fracture. Domain size =

Im X 1m.
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Figure 9: Water saturation profile along the fracture (left) and saturation evolution with
time in the facture at the center of the porous media (right). Single fracture configuration
with @ = +45°. Domain size = Im X 1m.
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Figure 10: Gridding for the complex fractured media: number of mesh points = 898,
domain size = 1m X 1m.
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Figure 11: Water saturation profiles at 0.15, 0.30, 0.45 and 0.60 PV (from top to bottom)
water injection: complex fractured media. Domain size = lm x 1m. P/ =0,
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Figure 12: Effect of capillary pressure on
oil recovery: fractured media with complex
fractures, domain size = 1m x 1m.
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Figure 13: Gridding of the fractured porous
media with complex fractures: Domain size
= 25m X 25m, number of mesh points =
2277.
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Figure 15: Water saturation profiles at 1 argﬁ 1.5 PV (from left to right) water injection:
Domain size = 25m X 25m.



Chapter | — Water Injection in Fractured Porous Media

Part Il — Analytical Solutions for 1-D Countercurrent Imbibition in
Water-Wet Media

DiMo KASHCHIEV AND ABBAS FIROOZABADI

Abstract

Andytica solutions for the initid dage of one-dimensond countercurrent flow of water
and ail in porous media are presented. Expressons are obtained for the time dependence of the
water saturation profile and the oil recovered during spontaneous countercurrent imbibition in
rod-like, cylindricd and spherica cores for which water is the wetting liquid. Some of the
andyticd solutions are found to be in good agreement with exiging numericad solutions and
avallable experimenta data for oil recovery from cores with strong weater wettability.

Introduction

Capillary-driven fluid flow is often important in two-phase flow in fractured porous
media and in layered media where individud layers are thin. In such cases, the parameters in the
flow equations are complicated functions of sauration due to high nonlinearity arisng from a
redigic shape of the capillary-pressure curve. The common gpproach to the problem solution is
the use of numerical techniques.

Andytica solutions to fluid flow problems are desrable, because they dlow a better
understanding of the underlying physcs and veification of numericd modds. For capillary-
driven flow, only a handful of authors have proposed andyticd solutions of various degrees of
complexity and with certain redtrictive assumptions.

Yortsos and Fokas [1983] obtained an analyticd solution for a one-dimensond flow
with account of capillary pressure; the reative permedbilities and capillary pressure were,
however, severdy redricted in functiond form. Chen [1988] proposed combined anaytical-
numerical techniques for andyds of radid one-dimensond flow. His work is based on the use
of certain asymptotic conditions; it has a strong numerical component.

McWhorter and Sunada [1990] reported quasi-andyticd solutions for one-dimensond
liner and radid flow. Thear work includes both countercurrent and cocurrent flow. These
authors limited ther solution to an infinite acting medium and assumed that the volume flux a
theinlet isof the form At /2 where A is constant and t istime,

Pavone et al. [1989] dso solved the one-dimensond and two-dimensond (gravity
drainage) problem andyticdly; severd assumptions were made by these authors to provide a
closed-form solution. The assumptions included (i) infinite gas mohbility, (i) linear liquid-phase
relaive permeebility, and (iii) capillary-pressure dependence on saturation in the form  of
logarithmic function. As aresult of these assumptions, the flow equations became linear.

In this paper, we provide gpproximate andytica solutions for the initid dtage of linear,
cylindrica and spherica countercurrent flow of water and oil in a porous medium. We solve the
flow eguations without redricting the functiond form of the rdaive permegbilities and the
cpillary pressure. We only assume that the imbibing and the displaced liquids are
incompressble and that the porous medium is weater-wet. These two assumptions have been
made in the work of al authors referred to above.



The “Diffusion” Coefficient
The flow of water and oil in a porous medium is described by a diffuson-type equation
in which the quantity

D(S)= - {Kkn(Skio(Su) [Mkrn( Su)+riakro( S} T3 M

plays the role of diffuson coefficient [McWhorter and Sunada, 1990; Pooladi-Darvish and
Firoozabadi, 2000]. In this expresson S, is the water saturation, k (nf) is the absolute
permeebility of the medium, k., and k;,, ae the reaive permegbilities to water and ail,
respectively, ny (Pa.s) and m3 (Pas) are the viscosties of water and ail, respectively, f is the
fractiond porogty of the medium, Pc=po- pw is the capillary pressure (positive when water is the
wetting liquid), and py, (Pa) and p, (Pa) are the water and the oil pressures, respectively.

The dependence of the relative permesbilities and the capillary pressure on S, can be
modeled in various ways [Parker et al., 1987; Pooladi-Darvish and Firoozabadi, 2000] and that
leads to different D(S,) functions. In this sudy we adopt the expressons used by Pooladi-
Darvish and Firoozabadi [2000] and present K, ki, and P¢ as

Kiw = kg, S" ()
kio= k3 (1- 9" (©)
P.=- BInS (4)

Here mand n are podtive numbers, k3, and k3 are the end-point relative permesbilities to water

(the vdue of k. a S=1) and ail (the vadue of k,, a S=0), respectively, B (Pa) is the capillary-
pressure parameter (podtive when water is the wetting liquid), and S is the normaized water
saturation defined by

S=(S,- SW/A- S, - S.). )
As Sy is the irreducible water saturation and Sy is the resdud oil saturation, S is a number
between zero and unity.
Combining (1) — (5) yidds
D(S =[as"+ (1- 9"/D*S"(1- 9" (6)
where the parameter D* (mf/s) and the mobility ratio a are given by
D* =(1- Sir- Sw)/kk, Braf (7)

a=ngks, Mk, . (8)

The solid curve in Figure 1 depicts the D(S) dependence (6) with n¥n=4, a=0.267 and
D*=0.133 mm?/s [Pooladi-Darvish and Firoozabadi, 2000]. These and other parameter vaues



used in the grgphicd and numericad illugrations to follow are presented in Table 1. As seen in
Figue 1, D is a bdl-shaped function of S and a S=S,=0542 has a maximum vaue
Din® D(Sn)=0.014 mm?/s.

It turns out that it is mathematicaly advantageous to approximate D(S) from (6) by the
expression

D(S) = DoS"exp(- cS") ©

inwhich m>0 and n>0 are fitting parameters, and D (/) and c are related to the position Sy
and the vaue Dy, of the maximum of D according to

Do= Su™/Dpe™n (10)
c=nS," /m. (11)

To enaure the same vaues of the maxima of D(S) from (6) and (9), in (10) and (11) we must use
thevaues of S, and Dy, corresponding to D(S) from (6). Thisleads to

Do = D*&"" S, ™ 1(1- S)V[aSh™+ (1- Sw)". (12)

The dashed curve in Fgure 1 exhibits D(S) from (9) with m=3.5, n=4.5, c=12.2 and
Do=0.258 mm?/s (these values of ¢ and Do follow from (11) and (12) with mn a, Sn and D*
from Table 1). We observe a good correspondence between D(S) from (6) and (9). Thus, D(S
from (9) with the two free parameters m and n and the two additional parameters Dp and c,
related to m, n, S, and Dy, via (10) and (11), is a useful modd for the S-dependent “diffuson”
coefficient in the flow of two immicble liquids in a porous medium. The capillary-hydraulic
properties of the liquids and the medium are reflected mainly in the parameter Do (or Dp): for
indance, when k3, , ko, and P. are modeled by (2) — (4), Do is obtained from (12) in terms of the
parameters D* and a which characterize the liquid- porous medium system.

Water Saturation Profile
Linear Imbibition

We consider a rod-like porous core with length L (m), constant cross-sectional area and
impermeable latera surface (Figure 2a). The core is saturated with oil and immersed in water. As
ol is the nontwetting liquid, and water is the wetting one, spontaneous countercurrent imbibition
occurs by inflow of water and outflow of ail through the basd faces of the core. With negligible
gravity and edge effects, the process is one-dimensond and the water sauration S, depends
only on the spatid coordinate x and time t. The Sy(x,t) function is then the solution of the
diffuson-type equation [Marle, 1981]

1é 1S,u_ 1S,
—PD(S )W =_""w 3
ﬂxSD( ) v (13)

where D isthe Sy-dependent “diffusion” coefficient defined by (1).

Assuming that, initidly, the core contains the irreducible water saturation Sy, for the
initia condition to (13) we write
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Si(X,0) = Sw. (14)

Depending on the conditions of the water flow at the two faces of the core, (13) admits
various boundary conditions. We shdl consder here countercurrent imbibition occurring (i) at
the maximum water saturation 1- S, at the left (x=0) and the right (x=L) ends of the core, and (ii)
until the moment t* a which the two advancing fronts of imbibing water meet a the middle of
the core. Then the saturation profiles in the left and the right haves of the core are symmetrica
and the boundary conditions read (t£t*)

SHOt) = 1- Sy (15)

SWL/2,t) = Sw (16)
for the core-left half (OEXEL/2) and

SUL/2,t) = Sw (17)

SuLt) = 1- Syr (18)

for the core-right half (L/2ExEL).

As the evolution of the water saturdion in the core is governed by a diffusontype
equation, the distance | (m) traveled by each of the two water fronts into the core to time t£t*
obeys the Eingtein-type relation (I £L/2)

| (t) = (eDmt)Y2 (19)

where e>1 to 2 is a numericd factor, and Dy, is the maximum vaue of the “diffuson” coefficient
D from (1). The circles in Figure 3 represent the numerica | (t) data of Pooladi-Darvish and
Firoozabadi [2000]; the curve is the best fit according to (19). From the value 0.149 mnvsY? of
the parameter (€Dm)Y'2 of the best fit, with D,=0.014 mm?/s (see Table 1) we find that e=1.6.

Equation (19) dlows determination of the moment t* a which the two water fronts meet
a themiddle of the core: using | (t*)=L/2, we obtain

L2
t = D (20)

With the above D, and e and with, eg., L=40 cm (this L vaue corresponds to the core length
used by Pooladi-Darvish and Firoozabadi [2000]), (20) leads to t*=500 h (»21 days).

Employing the normaized water saturation S from (5) and accounting that for t£t* there
is no imbibed water between the two water frontsin the core, we can rewrite (13) as

1Su_19S

€gSu_ TS
mH Tt

D(S 21
8() (21)
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and present the initid and boundary conditions (14) — (18) as (O£tEt*)

Sx,0) = 0, 22)
S0 =1, gI®=0 (0ExEl) 23)
gL-1(),=0, SLb=1, (L-1£xEL). (24)

Finding the exact solution S(x,t) of (21), (22) and (23) for the left haf of the core or,
equivdently, of (21), (22) and (24) for the right hadf of the core is a formidable mathematical
task, especidly because (23) and (24) are moving boundary conditions. In what follows we shal
find an goproximate, quas-dationary solution gx,1 (t)] which depends implicitly on t via the
function | (t). Physcaly, this solution corresponds to a sufficiently fast adjusment of the water
sauration profile to the momentary vaue of | . It is important to note dso that this solution is
exact whenthepogtion | or L- | of the respective water front is t-independent.

Asfor the quasi-stationary solution

-p (25)

D Ll=o (26)

which has to be solved under the boundary conditions
S0 =1, gl)=0, (OEXEI) (27)
SL-1)=0, SL)=1, (L-1£x£L) (28)

for the left and the right haves of the core, respectively. Direct subditution in (26) — (28) shows
that their solution S(x) is of the form (OEtEt*)

S

O D(S) dst=[1- x/l (t)] 1(‘) D(S dS (29)

for theleft haf (OEXEI ) and

S

O D(S) dSt=[1- (L- )/l (t)] l(‘) D(S dS (30)

for theright haf (L- | £x£L) of the core, | (t) being specified by (19).
At a given moment, rather than the desred S(x) function, (29) and (30) give explicitly x
as a function of S The concrete form of these two functions can be obtained by introducing a



model D(S) dependence in the integrals in (29) and (30) and carrying out the integration ether
andyticaly or numericdly. In this respect, D(S) from (9) is very convenient. Indeed, usng it
yields

S cs”
O D(SY dSt= [Do/nc™ V"M ¢y uM DN -tet du, (31)
0 0

Combining (29) — (31) we thus obtain (OEt£t*)
g[(m+2)/n, ¢S =[1- x/I (t)] g[(m+1)/n, c] (32)
g[(m+1)/n, ¢S =[1- (L-x)/I (t)] g[(m+1)/n, c] (33)

for the left (OEXEl) and the right (L- | £xEL) halves of the core, respectively. Here g is the
incomplete gamma function defined by [Abramowitz and Stegun, 1972, p. 260]

y
gby) = puPtetdu (34)
0

Like (29) and (30), with | (t) from (19), (32) and (33) represent explicitly the x(S
dependence, but not the sought normalized water saturation S as a function of Xx. The explicit §x)
dependence can be obtained in the particular case of m+1=n. Then, and more generaly when
(m+1)/n=1, 2, 3, .. ., the integrd on the left of (31) can be performed in terms of the exponentid
function. For m+1=n, the expression for S(x,t) for (Of x £(eDmt)Y? and O £ t £ L%/4€Dy,) isgiven
by,

St = (- ¢t In{1- (1- € )[1- x/(eDmt)]}) " (35)
for the left half and in (L- (€Dmt)Y2EXEL, OEtELZ/4eDy)
St = (- ¢tIn{1- (1- € 1 (L- X)(EDmt) ) " (36)

for the right haf of the core. These expressions follow from (32) and (33), because according to
(34) o(1,y)=1- €. The origind notation S(x,t) is employed as an abbreviation of Ix,l (t)] in (35)
and (36).

Figure 4 depicts the §(x,t) dependences (35) and (36) at t=2, 24, 120 and 450 hours,
respectively. The parameter vaues used for the plot are listed in Table 1; they were adso used by
Pooladi-Darvish and Firoozabadi [2000] for the numericd computation of S(xt) for
spontaneous countercurrent imbibition in the left hdf of a rod-like core a normdized inlet water
sauration equa to unity. The SXx,t) data of these authors are, therefore, appropriate for
verification of the accuracy of the approximate solution (35). The circles in Figure 4 represent
these data at t=2, 24 and 120 h — we observe a far agreement between the numericd and the
andyticd S(x,t) dependences. Note that in Figure 4 there is a sharp change of the water
saiuration profile in the range of S vdues for which D(S) from (9) is virtudly zero (see Figure 1).
In contrast, S vaies with x rdaivdy dowly and dmog linealy when it has vdues



corresponding to the width of the D(S) maximum in Fgure 1.

Cylindrical Imbibition

In this case the core is a auffidently long cylinder with radius R (m) and impermegble
basd faces (Figure 2b). The water inflow and the oil outflow is thus through the core laterd
aurface. With negligible gravity and edge effects S(r,t) is the solution of the one-dimensond
diffuson-type equation

o e
S

1Sa_1S

()‘HrH it

(37)

in a cylindrica coordinate system with origin a the center of the core cross-section and z-axis
pardld to the core axis. In this equation the radid coordinate r varies from 0 to R, Sis defined
by (5), and D(S) corresponds to D(S,) from (1) and can aso be modeled by (9).

We ghdl again look for the quas-dationary solution gr,r(t)] of (37). As this solution
satisfies (25), (37) becomes

dé dSu _

—aD(S 38

» (S— Tl (38)
and its boundary conditions are analogous to (28):

Sr)=0, SR=1 (39

Here r (m), defined as r°R- 1, is the radid distance of the water front from the core axis a time
t. In conformity with (19), ther (t) dependence thus reads

r(t)=R- (Dmt)">. (40)

When the water front is in the close vicinity of the core axis, its advancement cannot be
described by the smple formula (19). That is, the quas-dationary solution of (38) and (39) is
vdid to the moment t** a which the water front is a few percent of R away from the core axis.
Hence, defining t** by r (t**)=0.05R and using (40) yidlds (cf. (20))

t** = 0.9R/eDn. (41)

As can be verified by direct subgtitution, the solution of (38) and (39) is of the form (r £
rE ROELEt*Y)

S 1

O D(S9 dse= {In[r/r )] INRr 1)} O D(S dS (42)

0
This generd equation is the andogue of (30) and gives the quas-dationary water

saturation profile for an arbitrary D(S) dependence. When D(S) is modeled by (9), due to (31)
and (34), (42) leadstotheexpresson(r £Er £ R O£t £ t**)

41



g[(m+1)/n, cS" = {In[r/r )]/INRr ()]} g[(m+1)/n, c]. (43)

When m+1=n, as for linear imbibition, we can find the explicit dependence of S on the
radia disancer in acylindrica core. Recdling that g (1,y)=1- € ¥, andogoudy to (36) we obtain
(R (eDmt)Y?Er£R, OEtE0.9R/eDyy,) for

Srb)= (- ¢l (L € In{r/[R (eDmt)"*]} IN{RIR (eDmt)"*1}1)"". (44)

The saturation profile (44) a t=2, 24, 120 and 450 hours is illugtrated in Figure 5a. The
results correspond to R, n, ¢, eand Dy, from Table 1. Comparison of the results in Figures 4 and
5a dhows that the sauration profiles in countercurrent linear and cylindrical imbibition are
quditatively the same.

Spherical Imbibition

We congder a spherical core (Figure 2c) with smdl enough radius R (m) for the gravity
effect to be negligible. In a sphericd coordinate system with origin a the core center the
saturation function §r,t) is the solution of the diffuson-type equation

1Su _ ﬂS
e Tt

ez

ré

which pardlels (21) and (37) for linear and cylindrica imbibition.

We are again interested in the quasi-dationary solution gr,r (t)] with r(t) from (40). This
solution satisfies (25) and is vdid for tEt** (t** is gspecified by (41), because (19) cannot
describe the advancement of the water front when this is too close to the sphere center). In
anaogoudy to (38) and (39), Sisthe solution of the equation

W) &2p(s) 12 (45)

dé,D(S)u_
P gr " H =0 (46)
with boundary conditions
Sr)=0, SR =1. 47)

Direct subgtitution provides the solution of (46) and (47) (r £rER, OEtEt**)

S

O D(S9 dse={[1- r (t)/r]/[1- r (t)/RI} 2‘) D(S dS (48)

This generd equation is the counterpart of (30) and (42) and can be used for
determination of the quasi-tationary water saturation profile in a spherica core when the D(S)
function is independently known. In the scope of the D(S) modd (9), recdling (31) and (34), and
from (48) we obtain (r ErER, OEtEt**)
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g[(m+1)/n, ¢S = {[1- r (t)/r)/[1- r t)/R]} g[(m+1)/n, d]. (49

This expresson pardlds (33) and (43) and gives explicitly only the dependence of r on
S As for linear and cylindricd imbibition, to determine S as an explicit function of r we shdl use
(49) when m+1=n. Then, recalling that g(1,y)=1- € ¥, wefind (R- (eDmt)Y2Er£R, OE£t£0.9R/eDyy)

)= (- ¢ln[1- (1- € 1- [R (D))} {1- [R (D) YA/RDY".  (50)

Figure 5b displays the saturation profile at t=2, 24, 120 and 450 hours, respectively. This
profile corresponds to the parameter vaues liged in Table 1. We observe that the water
sauration profile for spherical imbibition does not differ quditatively from the profiles for linear
and cylindrical imbibition (cf. the saturations in Figures 4 and 5a).

Oil Recovery
Linear Imbibition
The fraction a of oil recovered to timet is defined in generd as

a(t) = @ (51)

where V (n?) is the volume of oil displaced by the imbibing water to the same time, and Vo (nT)
is the volume of the totd recoverable oil in the core. As V is equd to the volume of the water
imbibed into the core to time t, for a rod-like core with a constant cross-sectiona area A. (nf)
one can write

V(t) =f Ac O [SwXt) - Sw] dx (52)
VOZfAcL(l' Sor - Slw) (53)

Combining (5) and (51) — (53) yidds
a(t) = (VL) ;‘) S(x,t) dx. (54

We shdl now find the a(t) dependence to the moment t* a which the two water fronts
meet a the middle of the core. Recdling that the two water saturation profiles are symmetric,
taking into account that S(x,t)=0 between the water fronts, replacing ok in (54) by (dx/dS)dS and
cdculating dx/dSusing (29) for (OEtEt*)

1 1

a(t) =[21 ®)/L] & SD(S dS/ ¢ D(S) dS (55)

wherel (t) and t* are given by (19) and (20), respectively.
This generd equation reveds tha in linear countercurrent imbibition, a initidly does not



depend explicitly on the water saturation profile. The raio of the integrds in this equaion has a
ample physcd meaning — it represents the average vaue of S with respect to D(S) regarded as a
digribution function. As this vaue is just a fixed number between 0 and 1 for whatever shape of
the S(x,t) function, for tEt* the tempora evolution of a is governed solely by the | (t) dependence
(19) (i.e. by the advancement of the two water fronts): a increases proportionally to tY/2.

The generd equation (55) dlows to determine a(t) andyticdly when D(S) is modeled by

(9). Then, upon performing the integration using (31) and (34), we obtain (0 £t£t*)
a(t) = {2g[(m+2)/n, cJ/cV" g(m+1)/n, c] L} (t). (56)

This expression is less complicated in the paticular case of m+1=n. As g(1,y)=1- €7, (56)
then becomes (OEtEL*)

a(t) = {2g[1+1/n, cJ/cV"(1- € 9L} (t) (57)
where| (t) and t* are given by (19) and (20). This formulasmplifies to (OEtEL2/4€Dy,)
a(t) = [23(1+1/n)/cY"L](eDmt) Y2 (58)

provided c>5, a condition which is precticdly dways satisfied. In (58) we have used the
approximations 1- € °»1 and g (1+1/n,c)»g (1+1/n,¥)=G(1+1/n) where G is the complete gamma
function defined by [Abramowitz and Stegun, 1972, p. 255]

Gb) = O uPtedu (59)
0

Inspection of (6)-(8) and (58) shows that in agreement with the finding of Rapoport [1955] and
of Pooladi-Darvish and Firoozabadi [2000], t scdleswith k, B, f and L. Note that according to
(58), a(t) cannot be corrdated with viscosity ratio, ny/nmg, as is often sugested by many authors.
The recovery may not be also correlated with ng.

Seting t=t* in (55) — (58), we can cdculate the fraction a*° a(t*) of oil recovered until
the moment t* at which the two water fronts meet a the middle of the core. From (11), (20) and
(58) wefind

a* = (L+1n)/c" = [n/(n- 1)]Y™ G(1+1/n) Sp. (60)

This formula reveds that for m+1=n, a* depends solely on the parameter n of the D(S) function
(9) and on S, a which this function passes through a maximum. As seen, higher S, results in
higher fractions a* of recovered oil. The use of nand c (or S;,) from Table 1 in (60) yields
a*=0.52.

Curve L in Fgure 6 digplays the oil recovery a(t) from (58) for t£t*, the parameter are
those from Table 1. The circles represent the exact numerica a(t) data of Pooladi-Darvish and
Firoozabadi [2000] aso for tEt*. As seen, the smple gpproximate equation (58) provides a
relidble description of the evolution of a a the initid dage (tEt*) of spontaneous linear
countercurrent imbibition — the error is less than about 7%.



Cylindrical Imbibition
Inthis case, with L (m) being the length of the cylindrical core,
R

V(t)=2fpL O [Sr.t)- Su]rdr (61)
Vo=fpRL(L1- Sr- Su). (62)

Substitution of (5), (61), and (62) into (51) leadsto
a(t) = (2R Rc‘) Sr.t)rdr. (63)

At the initid dage of imbibition Sr,t)=0 for r£r(t) ad the lower limit of integration in
(63) can be set at r(t). Usng the derivative d/dS cdculated from (42), we can rewrite (63) in the
form (OEtEL**)

a(t) = (2/R) In[Rir (t)] z‘) SD(S r¥(S) ds/ z‘) D(S dS (64)

where r (t) and t** are given by (40) and (41). Note that in (64) r is avaladle from (42) as an
explidt function of S.

From the generd equation (64) we see that in cylindrical imbibition a depends not only
on the “diffuson” coefficent D(S (cf. (55) for linear imbibition), but adso on the water
saturation profile expressed by the function r3(S) in the first integrd. For the D(S) modd (9), and
from (31), (34), and (64) we obtain (OEtEt**)

a(t) = {2nc™ VM I RIr (t)]/g[(m+1)/n, ]} é‘) S" " exp(- cS") r3(S) dS (65)

where r(S) is given by (43). In the particular case of m+1=n, a(t) can be determined ether from
(65) or directly from (63) with S(r,t) from (44). From the |atter we find (O£t£0.9R?/eDp)

(t)= (2/cV"R) E ¢ In{1- (2- € In[r/r O)INRr ©)])Y rdr. (66)

r(t)

Unlike linear imbibition (cf. (58)), a for a cylindrica core is a complicated function of
time through r (t) which is given by (40). For that reason, a can only be determined numericaly
from (66). The recovery a(t) from (66) for tEt** with the parameter vaues from Table 1 is
illugtrated in Figure 6 by curve C. We observe that the initid stage of cylindrica countercurrent
imbibition and the gpplicability of (64) — (66) for typica vaues of m, n and ¢ extends up to about
70% of the total recoverable ail in the core. Comparing curves C and L, we observe dso that in
cylindrica imbibition, as expected, the increase of a isfagter than in linear imbibition.

Sherical Imbibition



Inthiscase, V and V, are given by

V(t) = 4fp R(‘)[SN(r,t)- Sl r?dr (67)

Vo= 4R)FpR(1- Sor- Sw). (68)
From (5) and (51) we obtain

a(t) = (3IR%) Rc‘) Sr.t) r dr. (69)

Smilar to cylindricd imbibition, in (69) we s the lower integration limit a r(t) and
replace dr by (dr/dS)dS and cdculate dr/dS from (48). As aresult, (69) trandformsinto (OEtEt**)

a(t) = (3R [RIr (1) - 1] Bs D(S r4(S ds/ é‘j:)(S) ds (70)

wherer (t) and t** are given by (40) and (41).

This expresson dlows the caculation of the initid tempord evolution of a for any D(S
dependence; from (48), the r(S) function is known for any dependence of D on S. For the D(S
modd (9), usng (31) and (34) in (70) yields (OEtEt**)

a(t) = {3nc™ V" [Rir (t) - 1]/g[(m+1)/n, c]R} 1@) S" " exp(- cS") r4(9) dS (71)

wherer(S) isgiven by (49).
To provide a(t) in the particular case of m+1=n we can use ether (71) or directly (69) in
conjunction with the (r,t) dependence from (50). By the latter we obtain (O£t£0.9R2/eDp)

a(t)= (3IcV"R}) (R‘) ¢ In{1- (- € 9[- r (t)/r] [[2- r )R}V r2dr. (72)

r(t)

It is seen from this expression that, smilar to a for cylindrica imbibition (cf. (66)) and in
contrast to a for linear imbibition (cf. (58)), a depends in a complicated way on t through te
r(t) function (40). The numericd cdculaion of a from (70) — (72) is, however, sraightforward.
Curve S in Figure 6 displays the caculated a(t) dependence (72) for tEt** and the parameter
vaues from Table 1. Comparison of curves S, C and L in this fgure shows that under otherwise
equa conditions oil recovery is fagest in sphericd imbibition, dower in cylindricad imbibition
and dowedt in linear imbibition. For typicd vaues of m, n and c the gpplicability of (70) — (72)
extends up to about 80% of the tota recoverable il in the core; this percentage corresponds to
the end of theinitid stage of spherica countercurrent imbibition.



Comparison With Experiment

In a recent experimental study, Tang and Firoozabadi [2001] determined the time
dependence of the fraction a of n-decane recovered from single cores of Kansas outcrop chak.
The drdes in Fgure 7 display ther a(t) data for a strongly water-wet cylindricd core with
diameter and length of about 5 and 6 cm, respectively. The core was immersed in water a room
temperatiure and the oil recovery was determined by weighing the core during the displacement
of the oil by the spontaneoudy imbibing water. The waer inflow and the countercurrent ail
outflow occurred through the whole surface of the core.

Treeting the core as a sphere of radius R=2.5 cm (because of the liquid flow through the
whole core surface) and modeling D(S) by (9) with m+1=n, we can examine the a(t) function
(72) for the description of the experimentd a(t) data in Figure 7. The free parameters in (72) are
n, ¢, and €D, and a best-fit procedure is quite complicated. For that reason we use n=4.5 and
c=12.2 from Table 1 and vary only the product €D, until a reasonable fit is obtained. Although it
is possble to find a better fit wth somewhat different vaues of n and c, the corresponding €D,
vaue will differ rdatively little from that given below.

The curve in Figure 7 represents the a(t) from (72) with the above vaues of n and ¢ and
with eéDm=0.12 cmf/min. We observe a good agreement between theory and experiment until
t**=47 min (this estimate for t**, the time limit of the vdidity of (72), follows from (41)). The
conclusion is, therefore, tha the D(S) function for the strongly water-wet Kansas outcrop chalk
is of the form (9) with maximum vaue D,=0.075 cr?/min. This value of Dy, corresponds to
e16 from Table 1. For comparison, usng the reative permesbilities and capillary pressure
inferred from numerica solution for the experimentd a(t) data in Figure 7, we find Dy»0.4
crt/min.

Conclusions

The analysis presented in thiswork leads to the following conclusions.
1. The D(S function (9) is a vey convenient modd for the “diffuson’ coefficient in the
displacement of two immiscible liquids in porous media
2. The quas-dationary solutions of the diffusontype equations (21), (37) and (45) provide a
ample and reidble destription of the initid Sage of linear, cylindricd or spherica
countercurrent  imbibition in waer-wet porous media when gravity and edge effects ae
negligible. The advancement of the waer front obeys the Eindein-type reation (19) and the
normaized water saturation profile is given by the generad expressons (29)-(30), (42) and (48)
for linear, cylindricd and spherica cores, respectively.
3. Equations (55), (64) and (70) provide the generd expressions for the tempora evolution of the
fraction a of ol recovered during the initid dage of linear, cylindricd or spherica
countercurrent  imbibition in water-wet porous media For linear imbibition, initidly (before
waterfront reaches the other boundary), avis proportional to t'? according to (58).
4. According to (1) and (58), there may not exis a smple scding factor for viscosties and
relative permesbilities.
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TABLE 1. Valuesof Various Parameters Used for Numerical and Graphical Illustrations

Parameter Value Parameter Value Parameter  Value
k 0.02 m? a 0.267 e 1.6
Kw 0.2 Sh 0.542 f 0.3
Ko 0.75 D* 0133mm?s L 40 cm
My 1mPas Dm 0014mm%s R 20 cm
m 1 mPas Do 0258 mm?/s  t* 500 h
m 4 m 35 tr* 450 h
n 4 n 4.5
B 10 kPa c 12.2
0.015
- 0.010 F
NE [
£ -
D 3
0.005
0 » » » [ » » » [ » » » »
0 0.2 0.4 0.6 0.8 1.0

S (fraction)

Fig. 1 - Dependence of the “diffusion” coefficient on the reduced water saturation: solid curve — equation (6);
dashed curve — equation (9).
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Fig. 2 - Schematic of oil-saturated (a) rod-like, (b) cylindrical, and (c) spherical water-
wet core immersed in water (the arrows indicate water (W) inflow and oil (O) outflow).
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Fig. 3 - Time dependence of the distance traveled by the water front in linear
countercurrent imbibition: circles — numerical data of Pooladi-Darvish and
Firoozabadi [2000]; line — best fit according to (19).
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Fig. 4 - Water saturation profile in linear countercurrent imbibition.
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Fig. 5. Water saturation profile in (a) cylindrical, and (b) spherical countercurrent imbibition: equation (44) in
(a) and equation (50) in (b).
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Fig. 6 - Time dependence of the fraction of oil recovered in countercurrent imbibition: curves L, Cand S —
equations (58), (66) and (72) for linear, cylindrical and spherical imbibition, respectively; circles —numerical
data of Pooladi-Darvish and Firoozabadi [2000] for linear imbibition. The arrows indicate the end of the initial

stage of the process.
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Fig. 7. Time dependence of the fraction of oil recovered in spherical countercurrent imbibition: circles —
experimental data of Tang and Firoozabadi [2001]; line — equation (72). The arrow indicates the end of the
initial stage of the process.
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Chapter | — Water Injection in Fractured Porous Media

Part 111 — Effect of Viscous Forces and Initial Water Saturation on
Water Injection in Water-Wet and Mixed-Wet Fractured Porous
Media

GUO-QING TANG AND ABBAS FIROOZABADI

Abstract

A sysematic sudy of the effect of wettability and initid water saturation on water injection and
imbibition was made in Kansas outcrop chak samples. Water injection tests were conducted a
different rates and at different pressure gradients to study the effect of viscous forces. Based on a
large number of carefully conducted tests, the following conclusons are drawn.

1. Initid water saturation has a very pronounced effect on water injection in an intermediate-wet
chak. This effect is much less pronounced for a strongly water-wet chak. The effects are dso in
opposite directions.

2. Viscous forces (which amulate the negtive P effect) have a very drong effect on water
injection performance on intermediate-wet chaks.

Our interpretation of the above experiments leads to the conclusion that the performance of the
chalk reservoirs may be nearly independent of wettability State. The results from the experiments
adso reved that there is no reaion between laboratory measurements of spontaneous imbibition
and fidd performance even when the wettability state is perfectly restored in the laboratory.

Introduction

Wettability state and its effect on oil recovery has been the subject of numerous studies since
19288, However, major issues of oil recovery related to wettability remain unresolved. A magjor
parameter of wettability is contact angle. Some authors have even questioned the usefulness of
contact angle in defining wettability®.

The date of wettability in some reservoirs can vary dggnificantly with depth and rock
properties. Jerauld and Rathmell* presented data showing that there is a clear dependence of
resdud oil sauration upon depth. In the Prodhoe Bay reservoirs, resdud oil saturation to
waterflood decreases with depth while the reservoir wettability changes from less water-wet to
more water-wet conditions with increase in depth. In the Ekofisk fidd, despite wettability
variation with depth, resdud oil saturation to waterflooding remains unchanged.

Research concerning the effect of viscous and gravity forces on water injection in fractured
reservairs is rather limited. In 1968, Hamor® found that oil recovery by water drainage in oil-wet
fractured porous media could be dgnificant depending on matrix permesbility. Smilar results
were recently reported by Putra et a.'°. Zhou et d.!* observed that decrease in water-wetness of
Berea sandstone by adsorption of polar oil components could increese oil recovery by
waterflooding. Graue a a.* obtained similar results for low permesbility chelk.

The effect of initid water saturation on oil recovery remains controversa. Brown'® studied
the effect of initid water saturation on waterflood efficiency. He emphasized that connate water
(retained as water film and in smal pores) could become re-mobilized when water is invading.



His experimenta results showed that flow of connate water improves waterflood recovery.
Skauge et d.* sudied the influence of connate water on oil recovery by gas gravity drainage
usng chdk samples. The maximum oil recovery was obtaned a about 30% initid water
saturation. Viksund et d.'® caried out spontaneous imbibition tests with strongly water-wet
chak. A maximum oil recovery was obtained a about 34% of initia water saturation. However,
results from Narahara et d.'® are much different. They measured gas and il rdative permeshility
on water-wet and mixed-wet Berea a various initid water saturations and found that gas and ail
rdlative permesbilities are independent of initid water saturation. Zhou et d.!” observed that for
a crude oil/brinelrock system, imbibition recovery increesed with initid water saturation, but
waterflood recovery decreased with initid water saturation. A long induction time (ranging from
10-1000 minutes) was observed in imbibition tests after the cores were aged with crude oil a
T=88°C for 10 days.

The main objective of this work is to understand the mechanisms that leed to a vadt difference
between laboratory spontaneous imbibition measurements and fidd peformance. For this
purpose, we have conducted an extensive set of laboratory measurements on Kansas outcrop
chak with a porosity of about 30% and a permesbility of some 0.5 md. Waterflood and
gpontaneous imbibition performance of the Kansas outcrop chak are studied before and after
wettability dteration.

In this paper, we fird present the experimenta results that include wettability dteration by
chemica adsorption, water injection and gspontaneocus imbibition in strongly water-wet and
weakly water-wet chaks. We then draw some conclusons. Theoreticd interpretation is the
subject of aforthcoming publication.

Materials and Experimental Setup

Fluids and Chemicals. Norma decane (n-Cyo) with a density of 0.73 g/ent and a viscosity of
0.92 cp at 24°C was used as the oil phase. Stearic acid (octadecanoic acid), purchased from
Sigma with purity of 99% and molecular weight of 284.5, was used as a surfactant to dter the
chak wettability. This chemicd was dissolved in ail (nCyo) to make Stearic acid solutions.
Solubility tests a room temperaiure showed that dearic acid dissolves in ol when the
concentration is less than 2000 ppm, but it hardly dissolves in water. NaCl and CaCl were used
to prepare the 0.1% NaCl+0.1% CaCl, brine which was used for both injection water and the
establishment of initid water saturation. The viscosty and dendty of the brine are 1.0 ¢p and
1.02 g/en® at 24°C, respectively.

Rock. We used Kansas outcrop chak in dl experiments. Two different configurations were
used: A and B (Fig.1). Configuration A was a sngle cylindrical plug with a diameter of 51 cm
and a length of 5.2 to 6.6 cm. The measured air permesability of the chak was about 0.5 md and
porosity of about 30%. Configuration B was a compodste core that condsted of six-cylindricd
plugs of 850 cm in diameter. The chaks were stacked and housed in an duminum coreholder.
The tota length of the composite chak was 104.7 cm. The measured annular gperture (between
chak and ingde surface of coreholder) was about 250 nmm for one set of tests and 150 mm for
another sat. The overdl porogty (fracture/matrix) was about 30.7%; the matrix porodty was
about 30%. The fracture volume was about 60-70 cnv®. Totd pore volume (matrix and fracture)
was 1740 cnt. The effective permeshility (fracture/matrix) was about 14.7 darcy when the
fracture aperture was 250 mm and about 4.5 darcy when the fracture aperture was 150 nm.



Apparatus. Fig.2a shows the experimental apparatus for water injection. It conssted of water
injection pumps, a high-pressure cylinder, a water reservoir, pressure transducers, a vertica
auminum coreholder, an oil and water collector, and a vacuum pump with a trap embedded in
dry ice. The system can be used to perform water injection tests a either a congtant injection rate
or a congtant inlet pressure. The outlet pressure was atmospheric pressure. Fig.2b shows the
gpparaus for spontaneous imbibition tests congsting mainly of an electronic balance.

Experimental Procedure

Establishment of Initial Water and Oil Saturations. After the chak sample was 100%
saturated with brine, it was evacuated to 20-50 mbar to reduce water saturation. In order to
reduce water saturation quickly, the coreholder was heated to 66°C, accompanied by evacuation.
When the dedgnated water saturation was established, the coreholder was cooled to room
temperaiure gradudly. The total water production was messured by weighing the chalk plug for
Configuration A or measuring the produced water collected by the trgp for Configuration B. This
step provided the gpproximate initid water saturation. Then the core was vacuumed a 20-50
mbar for 4-6 hours before the oil saturation step, which lasted about two days. The initid water
saturation, S, was cdculated usng the difference between the tota pore volume and totd
saturated oil volume. For Configuration B, the fracture volume was excluded from the tota pore
volume for the calculation of initid water ssturetion.

Wettability Alteration. We used stearic acid as a surfactant to dter the wettability of the chalk.
The solution was prepared by dissolving stearic acid in oil. The chemicd trestment procedures
included following steps: the chak sample was (1) saturated with the stearic acid solution (say
500 ppm solution), (2) aged with the same searic acid solution a room temperature for 10-20
days, (3) dried and then aged at 105°C for 3-5 days, followed by cooling it to room temperature,
and (4) re-saturated and re-aged with the same stearic acid solution at room temperature for 10-
20 days. After chemicd trestment, the wettability state was determined by running spontaneous
imbibition and waterflooding tests. The chemicd treatment procedures were repeated when the
restored wettability was not stable. For this work, we repeated the above chemicd trestment
procedure twice to establish a stabilized wettability for most cores used in our Sudy.

Wettability Measurement. The chadk plug saurated with oil was hung in a besker that
contained brine (0.1% NaCl+0.1% CaClk). Change in the weight obtaned by reading the
electronic baance was recorded vs. time. At the end of the spontaneous imbibition test, the chak
plug was waterflooded a a rate of 2 cn/min to residud oil sauraion. The end-point oil
recov%ieTs by spontaneous imbibition and waterflood were used to calculate the Amott index to
water—, law .

Water Injection. Water injection tests were performed at ether a congtant injection rate or a
congtant inlet pressure with the outlet end open to atmospheric pressure. For Configuration A, al
tests were peformed a constant inlet pressure (Op varied from O to 135 ps/cm). For
Configuration B, a constant water injection rate (5 to 68 cnt/min) was used; the pressure
gradients after water breakthrough, Dpyt, were smal due to the verticad fracture,

Note that al the experiments were performed a room temperature. The experimental data are
ligedin Tables 1 and 2.



Results
Wettability Alteration. Change in wettability is assessed by both the rate of spontaneous
imbibition and the Amott index to water (1aw).

Initial Wettability. Kansas outcrop chalk before wettability ateration is strongly water-wet™®.
The resdud oil sauration to water from spontaneous imbibition is around 34%. In order to
provide a reference for various wettability states, we carried out the spontaneous imbibition test
usng a chdk plug (Configuration A) before wettability dteration. The result is shown in Fig.3.
Water imbibition occurred as soon as the chak plug was placed in water; most oil was produced
in less than 100 minutes. The find oil recovery by spontaneous imbibition was about 66%
(OQIP). After the spontaneous imbibition test, the chak plug was waterflooded; the tota il
recovery by spontaneous imbibition and waterflooding was the same, about 67% (OOIP).
Therefore, the Amott index to water, .y, for the chak plug is close to 1.0 and it is strongly
water-wet (SMWV). A duplicate spontaneous imbibition test under the same test conditions was
caried out and the results were duplicated. In this paper, the spontaneous imbibition curve
presented in Fig.3 was used as a reference to assess wettability dteration by adsorption of stearic
acid.

Wettability after Chemical Treatment. In order to reduce the water-wetness by various
degrees, the chalk plugs were treated with different concentrations of stearic acid. A series of
experiments was conducted to optimize the treetment procedure. It was found that the wettability
dterdtion was drongly influenced by aging time aging temperaiure, and dearic acid
concentration.

Fig.4 shows the results for the chalk plug (Configuration A) trested with Cga=100 ppm at
room temperature Csa is Searic acid concentration). The aging time was two days. Reduction of
water-wetness for this chak plug was smdl. The find oil recovery was close to that for the
drongly water-wet state. The spontaneous imbibition rate increased as the chak plug was used
repeatedly (from run 2a to run 2c). This behavior indicated that the wettability State was not
gable, which may be related to desorption of stearic acid from the rock surfaces. However, when
the aging time and aging temperature increased, the wettability dteration was ggnificant and
gable. Figs.5-7 show the results for the chak plugs trested with Cga=200, 500, and 1,000 ppm,
respectively. These chak plugs were aged at T=24°C for 20 days, dried and aged a T=105°C for
5 days, and then re-aged with the stearic acid solutions a room temperature for 10 days. In order
to establish a stable wettability dteration, the chak plugs were treated using the above procedure
twice. Three spontaneous imbibition tests were repeatedly conducted with the same chak plug to
sudy the stability of the restored wettability. Test results presented in Figs.5-7 are in the order in
which they were carried out (for example, runs3ato 3cin Fig.5).

Fig.5 shows the recovery data for the chalk plug trested with Csn =200 ppm; the induction
time was 600 minutes. Then, the water imbibition occurred and the imbibition rate increased
quickly. The find oil recovery by spontaneous imbibition was about 53% (OOIP), which was
about 13% less than before wettability dteration. The results were close for runs 3a to 3c, which
confirmed that the restored wettability for this chak plug was sable. Fig.6 shows the recovery
data for the chak plug treated with Csa=500 ppm. The induction time was about 1,400 minutes
and find oil recovery was about 48% (OOIP). However, increase in imbibition rate was dower
than that for Cga=200 ppm, which reflected the effect of concentration of Stearic acid. The
reproducibility for al three runs was reasonable. Fig.7 shows the results for the chak plug
treated with Csa=1,000 ppm. The induction time was about 2,200 minutes for runs 5a and 5b.



The imbibition rate was very dow and the find oil recovery was about 24% (OOIP). This chak
plug was intermediate-wet.

All three of the chalk plugs were waterflooded a a rate of 2 cnv/min to residud oil saturation
after the gspontaneous imbibition tests. The tota oil recovery by spontaneous imbibition and
waterflooding was 69.6% for Csa=200 ppm, 71.2% for Csa=500 ppm, and 67% for Csa=1,000
ppm. Therefore, the Amott index to water (aw) for these chalk plugs were 0.74 for Csa=200 ppm,
0.66 for Csa=500 ppm, and 0.05 for Csa=1,000 ppm. Note that the water wetness of the chak
decreased systematically with increase in stearic acid concentration.

Water Injection. We divide the results for water injection into two parts, Pat 1 and Part 2,
based on the configurations of the chalk samples.

Part 1-Configuration A

For Configuration A, no fractures were present and the coreholder was postioned
horizontally. Water was injected from one end of the coreholder a a congtant inlet pressure and
the oil was produced from the other end at atmospheric pressure.

Effect of Pressure Gradient. The results presented in Fig.8 are for a strongly water-wet plug
with S,i=0. The smple solid curve is for spontaneous imbibition of a strongly water-wet plug
and is presented here as a reference (note that this curve is shown in dl figures for Configuration
A). The results suggested that increase in pressure gradient from 0.09 to 0.37 ps/cm did not
affect the oil production rate. Further increase in pressure gradient from 0.37 to 129 ps/cm,
however, increased oil production rate. For the pressure gradient of 12.9 psi/cm, it took less than
100 minutes to produce dl the recoverable oil. The find oil recovery was not influenced by
pressure gradients and it remained 66% (OOIP). After water breskthrough, very little oil was
produced, even a a pressue gradient of 129 ps/cm. This result is conssent with the
observations by Terez and Firoozabadi®. It seems that the viscous force does not affect residual
oil saturetion for strongly water-wet chak in the range of our tests.

Fig.9 shows the recovery data for a weakly water-wet plug treated with 500 ppm Stearic acid
solution; the Amott index to water is 0.55. The results show that increase in the pressure gradient
affected oil production sgnificantly. The induction time decreased from about 300 minutes to
zero as pressure gradient increased from zero to 135 ps/cm. At pressure gradients of 3.55 and
13.5 ps/cm, the oil production rates were even higher than that for the strongly water-wet plug.
The find oil recovery was about 72% (OOIP) at Dp=13.5 ps/cm. Fig.10 shows the results for
the chalk plug trested with 1,000 ppm stearic acid solution; the Amott index to water was 0.09
and the induction time was about 20,000 minute for the spontaneous imbibition test. When the
pressure gradient increased to 0.96 psi/cm, the oil recovery efficiency was not influenced much.
Further increase in pressure gradient to 1.92 ps/cm resulted in a dgnificant increese in ail
production rate. When the pressure gradient was greater than 1.92 ps/cm, the oil recovery
sysematicaly increased with increase in pressure gradient. The find oil recovery for this plug at
apressure gradient of 13.5 psi/cm was about 78% (OQOIP).

The results presented in Figs.9 and 10 demondrate that viscous forces affect oil recovery
efficiency for weskly water-wet and intermediate-wet chalks appreciably.

In dl the tests, the totd liquid production rate (oil and water) after water breskthrough was
less than those before breakthrough.

Effect of Wettability. Three chak plugs with different wettabilities (aw=0.09, 0.55, and 0.82)
were tested. Each chalk plug was used for water injection tests at two pressure gradients:
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Dp=0.96 and 135 ps/cm, respectively. The initid water saturation was zero. Fig.1l indicates
that the effect of wettability on oil recovery by water injection depended on the gpplied viscous
forces. For the tests at a smal pressure gradient (p=0.96 psi/cm), the ail recovery efficiency
was drongly influenced by wettability; it increased sysemdticdly from 16 to 60% (OOIP) with
increese in lay from 0.09 to 0.82. However, for the tests a a large pressure gradient (p=13.5
ps/cm), the effect of wettability on ol recovery efficiency was amdl and opposte the find ail
recovery was 77/% (OOIP) for 1,4b=0.09, 72% (OOIP) for 1,4b=0.55, and 68% (OOIP) for
law=0.82. Fig.11 reveds that the pressure gradient has the most influence on the least water-wet
plug.

One may conclude that for a mixed-wet chdk, the effect of wettability on oil recovery is
srongly dependent upon the viscous forces. Increase in viscous forces reduces the effect of
wettability on oil recovery efficiency.

Effect of Initial Water Saturation. Strongly water-wet (Ia,w=1.0), weskly water-wet
(Iaw=0.55), and intermediate-wet (I.,=0.09) plugs were used to study the effect of initid water
saturation. The pressure gradient for the tests was 0.96 ps/cm. For the strongly-water-wet plug,
the tests were conducted at S,=0, 10, 21, 32, 33, 38, and 45%. For the weakly water-wet and
intermediately water-wet plugs, tests were conducted at S,i=0, 10, and at about 20%. In order to
examine reproducibility, we repeated the test at S,i=10% after the test at S,i=19%.

The results presented in Fig.12 are for the strongly water-wet plug. Increese in initid water
saturation from 0 to 21% did not lead to obvious changes in oil recovery peformance. The
induction time was zero and dl the recoverable oils were produced in less than 120 minutes. The
find oil recovery was about 67% (OOIP). As the initid water saturation increased from 21 to
45%, the oil recovery decreased systematicdly. The find oil recovery was 64% (OOIP) for
S,i=33%, 59.5% for S,i=38%, and 52% (OOIP) for S,=45%. This result is condstent with those
reported by Skauge et a.** and Viksund et d.*°. Fig.13 shows the recovery data for the chak
plug trested with 500 ppm dearic acid solution. For S,=0, there was a long induction time
(ting=300 minutes) before water began to imbibe into the chak plug, even a a pressure gradient
of 0.96 ps/cm. The find oil recovery was about 38% (OOIP); for S,i=10%, the induction time
decreased to about 40 minutes and the find oil recovery increased to about 62% QOIP); for
S1i=20%, the induction time was about 15 minutes and the oil production rate was smilar to that
for srongly water-wet. Fig.14 shows the recovery performance for an intermediate-wet plug. As
the initid water saturation increased from zero to 19%, the induction time decreased from 20,000
to 200 minutes, and the final oil recovery increased from 7 to 57% OOIP). The reproducibility
of recovery performance for the tests at  S,i=10% before and after the test at S,i=19% is another
indication of stable wettability (see Fig.14).

Part 2-Configuration B

For Configuration B, the coreholder was pogtioned vertically and water was injected from the
bottom and oil was produced from the top. There were vertica fractures around the stacked
cores. All the water injection tests were performed at a congtant injection rate.

Effect of Water Injection Rate Three tests were performed at 5, 11, and 27 cn/min (4.1, 8.2,
and 22.3 PV/day), respectively. Due to the fractures, the pressure gradients from viscous forces
across the composte chalks was small; they were about 0.01 to 0.02 psi/cm (the gravity effect
was excluded from the pressure gradients). Fig.15 shows the oil recovery vs. water injection time
for the strongly water-wet composite system. The results indicate that increase in water injection
rate from 5.0 to 26.2 cm’/min did not lead to an appreciable change in oil production rate and
find ol recovery. The find oil recovery was about 66 % (OOIP) for dl three injection rates.



However, the breskthrough (B.T.) oil recovery sysemdicdly decreased with increase in
injection rate. It was 42.1% for gq1=5, 25.1% for gp=11, and 12.4% for qz=27 cn/min (Gs, 02, and
gz ae the injection raes). The results in Fig.15 suggest that the find oil ecovery efficiency for
grongly water-wet rock of Configuration B (fractured chak) is independent of rate. This is
congstent with the results for the strongly water-wet rock of Configuration A.

Fig.16 presents the results for the weekly water-wet composite system treasted with 500 ppm
gearic acid solution using the procedure described earlier. For these tedts, the fracture aperture
was reduced from 250 to 125 nm in order to increase pressure gradient. The pressure gradients
after breakthrough were 0.025, 0.046, and 0.101 psi/cm (corresponding to water injection rates of
10.0, 30.0, and 68.0 crm/min, respectively). Because the oil production rate was very sow, the
water was injected for 10 hours, and then was hdted for 14 hours. Each water injection test
lasted about 19 days. The discontinuity of the recovery curves in Fig.16 (dsoin Figs. 15, 17, and
18) is due to the hdts of water injection. The results show that the il production rate after water
breakthrough was dow for the weskly water-wet Configuration B. Prior to wettability dteration
(that is SV date), it took only 800 minutes to reach the find oil recovery (66% OOIP) at
Dp=0.025 ps/cm. However, it took about 15,000 minutes to reach the fina oil recovery (48%
OOQIP) at the same pressure gradient for the weakly water-wet system of Configuration B.

Increase in pressure gradient from 0.025 to 0.101 psi/cm did not affect the oil production rate
a the ealy stage. However, the oil production rate during the later stage and the find all
recovery increased with increase in pressure gradient. The find oil recovery was about 60%
(OQIP) for Op=0.101 psi/cm, 53% (OOIP) for Dp=0.046 psi/cm, and 48% (OOIP) for p=0.025
ps/cm. These results demondrate that increase in pressure gradient could lead to improvement
of oil recovery by water injection in some fractured rocks. The pressure gradient establishes the
effect of gravity (thet is, the negtive P effect) which can lead to gppreciable recovery.

Effect of Initial Water Saturation. Water injection tests were conducted at different initia
water saturations with the compodte sysem before and after wettability dteration. Fig.17
presents the results for the strongly water-wet composite chak. The edablished initid water
saturation varied from zero to 36.8%. The water injection rate was kept a 27 cn/min (22.3
PV/day). The results show tha when the initid water saturation increased from zero to 36.8%,
the breakthrough oil recovery was nearly the same, with a variation from 12.4 to 13.9 % (©OIP).
The oil production rae after water breskthrough and the final oil recovery decreased
gydemdicdly with increase in initid water saturation. This result is consstent with that obtained
for srongly water-wet system of Configuration A (see Fig.12).

Effect of initid water saturation on oil recovery for the weskly water-wet composte system
(treated with 500 ppm stearic acid solution) is presented in Fig.18. The edtablished S, was
varied from zero to 20% and the water injection rate was 68 cnt/day (the corresponding pressure
gradient was 0.1 ps/cm after breskthrough). Water injection was hdted for 14 hours after each
ten-hour water injection. Each test lasted about 20 days.

The results show that the oil production rate sysemdicdly increased with increase in initid
water saturation, dthough the find oil recovery was not much influenced. The time to reech the
resdud oil saturation was about 8,000 minutes for S,=20%, 15,000 minutes for S,=10%, and
24,000 minutes for S,=0. This result was consstent with that observed for the weakly water-wet
condition of Configuration A (see Fig.13).

The dfect of initial water saturation on the oil recovery efficiency for the weskly water-wet
composite system is opposte to that of the strongly water-wet condition. The result is, however,
consistent to that in the Prodhoe Bay reported by Jerauld and Rathmell*. They found that residual
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oil sauration decreased with increase in initid water saturation with depth as water-wetness
increased.

Capillary Pressure. The coreflooding results under imposed pressure gradient can be used to
estimate capillary pressure. The water-oil capillary pressure (Pewo) Can be defined as:

PCWO = pO - pW (1)
where p, and py are the oil phase and water phase pressures, respectively. In al the tests when
the inlet pressure was kept congant, only p, a the inlet remains congtant. At equilibrium, when
there is no further oil production, the oil pressure drop across the core is zero. At the core outlet,
the gas-oil capillary pressure (Pcgo) is given by:

Pgo =Py - P 2
where pgy is gas phase pressure. We assume no gas flow in the core and, therefore, pg=po=0. At
equilibrium, p, (at inlet)=p, (at outlet)=0 which provides the expression for Puyo & theinlet:

Pow =~ Py 3

We make dso the assumption that at equilibrium the saturation is uniform across the core.
With this assumption, Eq.3 can be then used to estimate Pgyo.

Fig.19 depicts the edimated capillary pressure curves obtained for the chak plugs with
different wettability states. Note that there is no change in saturation for the strongly weter-wet
condition up to Paw=-70 ps. On the other hand, there is a subgtantid effect of capillary pressure
on sauraion for less water-wet conditions t0 Pgyw=-30 pd. For Pgw<-30 pd, the saturation
becomes nearly independent of the state of wettability. Note that Fig.19 is based on the fact that
due to viscous forces, one may create a condition for gravity force effect.

The negative sde of the capillary pressure in water-oil sysems in the laboratory is often
cregted by gravity forces. Immerdon of an oil-saturated core in water in a centrifuge test is an
example. We are currently working on the comparison of the results in Fig.19 and the results
from centrifuge testing. We are dso working on the theoreticd and numericd aspects of the
experiments presented in this paper. Those aspects are the subjects of a forthcoming publication.

Discussion and Conclusions

Practica implications from al the experiments in Configurations A and B lead to the beief
that for some fractured reservoirs, the water injection performance can be independent of the
date of wettability. In such reservoirs, the negative sSde of the capillay pressure and the
capillary continuity?® establish conditions for efficient water injection process.

Other main conclusions drawn from thiswork are:
1. With increased viscoug/gravity forces, the oil recovery efficiency can increase subgantidly in
amixed-wet chak. The same behavior can aso occur in amixed-wet fractured porous medium.
2. The effect of initid water saturation on oil recovery depends on wettability. For a strongly
water-wet condition, oil recovery by water injection can decrease mildly with an increase in
initid water saturation. However, for weekly water-wetting, the oil recovery by water injection
can increase dgnificantly with an increase in initid weater ssturation.

Nomenclature
B.T. = breakthrough
Csa = concentration of stearic acid, ppm
d = diameter. cm



L =length, cm
law = Amott index to water, fraction
k = permesbility, md or d

OOIP = origind ail inplace, %

Patm = amosphere pressure, ps
pin = injection pressure, ps
Pcgo = capillary pressure between gas and ail, psi
Powo = capillary pressure between oil and water, ps
Py = gas phase pressure, ps
Po = oil phase pressure, psi
pw = water phase pressure, ps

Poinlery = Oil phase pressure &t the inlet of the core, ps
Po(outlety = OIl phase pressure at the outlet of the core, ps

Pwiniery = Water phase pressure at the inlet of the core, psi
Pw(outlety = Water phase pressure at the outlet of the core, psi

Dp = pressure gradient, psi/cm
Dpp = pressure gradient after water breakthrough, psi/em
PV = porevolume, cnt

q = water injection rate, cn/min (or PV/day)
Rm = ail recovery by spontaneous imbibition, % (OOIP)
Ry = ail recovery by water injection, % (OOIP)
Si =initid waer saturation, %

SWWV = grongly water-wet
T =temperature, °C
ting = induction time, min

Greek Letter

f = porogity, fraction
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Table-1-Relevant Data for Configuration A

Run L f Sui Csa law [x) Rim Ruws
(cm) (%) (%)  (ppm) (psi/cm) (%) (%)
Initial Wettability
la 635 306 O 0 10 0 66.2 -
b 635 306 O 0 10 0 66.2 -
Effect of Csa on Wettability

2a 651 307 O 100 083 O 620 -
2b 651307 0 100 08 O 624 -
2 651 37 0 100 08 O 630 -
3a 662301 0 200 074 O 530 -
3b 662301 0 20 074 O 534 -
3c 662301 0 200 074 O 534 -
4Ja 631309 0 50 066 O 460 -
4 631 309 0 50 066 O 465 -
4c 631309 0 50 066 O 485 -
ba 650 302 O 1000 007 O 32 -
50 650 302 O 1000 007 O 27 -
5c 650 302 O 1000 007 O 2.7
Effect of Dp on Oil Recovery by Water Injectlon
6a 541 311 O 0 10 O - 662
6b 541 311 O 0 10 009 - 662
6c 541 311 O 0 10 037 - 662
6d 541 311 O 0 10 093 - 66.2
6e 541 311 O 0 10 129 - 662
7a 521 307 0 50 05 O - 390
7 521 307 0 500 055 09% - 595
7c 521 307 0 500 055 38 - 66.2
7d 521 307 0 500 055 135 - 720
8 520 306 O 1000 007 O - 60
8 520 306 0 1000 007 09 - 160
8 520 306 O 1000 007 192 - 420
8 520 306 0 1000 007 355 - 495
8 520 306 O 1000 007 7.69 - 730
8 520 306 O 1000 007 129 780
Effect of 15, 0n Oil Recovery by Water Inject|on
9a 522 300 0 200 082 0% - 605
7b 521 307 0 500 055 09 - 595
8 520 306 0 1000 007 096 - 160
9% 522 300 0 200 08 135 - 66.2
7d 521 307 0O 500 055 135 - 720
8 520 306 0 1000 007 129 - 780
Effect of S, on Oil Recovery by Water Injection
10a 601 296 O 0 10 093 - 667
10b 601 296 10 O 10 093 - 672
10c 601 206 21 O 10 093 - 662
10d 601 296 32 O 10 093 - 655
10e 601 296 33 O 10 093 - 650
10f 601 206 39 O 10 093 - 600
10g 601 296 45 O 10 093 - 532
11a 531 305 10 500 055 096 - 613
11b 531 305 20 500 055 09 - 610
12a 540 302 10 1000 009 096 - 380
12b 540 302 19 1000 009 096 - 585
12c 540 302 10 1000 009 0.96 3.1

Note: k=0.5 md, d=5.08 cm (runs 2 to 12) and =3. 81 cm (run 1)




Table-2-Relevant Data for Configuration B
RunCore k Sy Csa law q Doy Rt
(d) (ppm) _ (cr/min) (psi/em) (%)
Effect of g on Oil Recovery by Water Injection

13 B1147 0 O 10 50 0010 662
14 B1147 0 O 10 110 0014 663
15a B-1147 0 O 10 262 0020 664
15b B-1147 0 O 10 262 0020 662
16a B-2 45 0 500 - 100 0025 470
16b B-2 45 0 500 - 100 0025 47
17 B2 45 0 500 - 300 0046 530
18 B2 45 0 500 - 680 0101 600

Effect of S, on Oil Recovery by Water | njection
19 B1147 0 O 10 262 0020 66.2
20 B1147139 0 10 262 0020 619
21 B1147 212 0 10 262 0020 570
2 B1147368 0 10 262 0020 520

18 B2 45 0 500 - 680 0101 600
23 B-2 45100 500 - 680 0101 626
24 B-2 45200 500 - 680 0101 598
Note: (1) the fracture aperture was about 250 mm for B-1 and
150 nm for B-2

(2) Dpy isthe differential pressure after water breakthrough
(3) d=8.5 cm, L=104.7 cm, f =30.7%
(4) lawisnot valid for B-2 core



End cap
Coreholder
(ID=8.55 cm)
Chalk samples
(OD=8.50 cm)
| Vertical fracture
(0.015-0.02 cm)

Horizontal fracture
(0.005-0.01 cm)

Total core length=104.7 cm
Overall porosity=30.7%
Effective permeability=14.7 darcy

Diameter=3.8-5.1 cm
Length=5.2-6.6 cm

(a) Configuration A (b) Configuration B

Fig.1 - Configurations of Kansas Outcrop Chalks Used in the
Experiments
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Fig.2 - Schematic of Apparatuses for Water Injection and Spontaneous
Imbibition Tests
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Chapter I — Water Injection in Fractured Porous
Media

Part IV — Recovery Mechanisms in Fractured Reservoirs and
Field Performance

ABBAS FIROOZABADI

Summary

Fractured petroleum reservoirs provide condderable chdlenge in studying natura
depletion, immiscible gas injection, miscible gas injection, and water injection. In this
overview, certain key aspects of two-phase flow in rdation to gas injection and water
injection in fractured reservoirs are reviewed. One man concluson from the review is
that the fidd performance can be very efficient by water injection in some weekly water-
wet fractured reservoirs despite the poor recovery in the laboratory by the conventiona
imbibition testing.

Introduction

Fractured hydrocarbon reservoirs provide over 20 percent of the world ail
reserves and production. Examples of the prolific fractured petroleum reservoirs are: 1)
the Asmai limestone resarvoirs in Iran, 2) the vugular carbonae reservoirs in Mexico,
and 3) the group of chalk reservoirs of the North Sea.  These pralific reservoirs produce
more than 5 million barrds of oil a day; ther common fegture is a long life gpan, which
could last severd decades. There are a large number of other fractured hydrocarbon
reservoirs that may have features very different from the above reservoirs.  Examples of
such reservoirs are the Audtin chak fidd and the Keystone (Ellenberger) fidld in Texas,
and the Tempa Rossa fidd in Italy. In the Keystone fidld, the average matrix porosty is
around 2.5 percent; the Austin chalk and Tempa Rossa dso have very low porogty. On
the other hand, the average matrix porosity of the Ekofisk chak field in the North Sea is
around 35 percent.

Fractured reservoirs can be classfied into three different groups. For group one,
the bulk of the hydrocarbon resides in the matrix and fracture pore volume (PV) is very
amdl in comparison to the matrix PV. The Ekofisk fidd in the North Sea is an example
of this group™®. In group two, most of the hydrocarbon is in the matrix, but fracture PV
could be as hi%h as 10 to 20 percent. The Asmari limestone resarvoirs are example of the
second group®.  For group three, more than haf of the hydrocarbon resides in the
fracture, in some cases, the contribution of the matrix can be negligible. The Keystone
(Ellenberger) fidd in Texas is an example of a fractured reservoir where most of the
hydrocarbon is from the fractures®. There are very few reports of the production
performance of group three in the literature. For al three groups, the matrix permestility
is often low — of the order of severd md to less than 0.01 md. The effective permeability
due to fractures increases from one to several orders of magnitude. In some of the
reservoirs of group three, the productive life varies from less than one year to severd
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years. The ultimate recovery from fractured reservoirs varies widdy — from less than 10
percent to over 60 percent. The recovery factor in group three could vary from 10
percent to over 60 percent; the recovery factor of 10 percent is mogly from the fracture
and rock compressihility, and the recovery of 60 percent is mainly from gravity drainage.
Laer we will sudy the key factors that affect recovery performance of fractured
reservoirs.

There ae fundamentd differences between recovery performance of fractured
and unfractured resarvoirs.  Capillarity is the man cause of this difference.  More
specificdly, the difference in capillary pressure of matrix and fractures has a sgnificant
effect on recovery performance of fractured reservoirs.

In the following, gas displacement and water displacement processes in fractured
porous media and abrief description of compressibility effect are presented.

Gas-Oil Displacement in Fractured Media

Gas-al immiscible diglacement in the form of ges-oll gravity dranage could
contribute to substantia recovery in fractured reservoirs. Two mechanisms affect the
efidency of gasol gravity dranage 1) ranfiltration, and 2) capillary continuity.
Renfiltration may direct the path of ol flow to be primaily in the tight matrix, not
through the high permesbility fractures. Capillary continuity between the matrix blocks
may improve the find recovery dradicaly. However, due to the contrast in matrix and
fracture cepillary pressure, the rate of drainage in fractured porous media can be
Ubgantidly less than in a homogeneous tight matrix. Next we discuss ranfiltration in
fractured porous media and then gravity drainage in layered and fractured media to
elucidate these two mechaniams

Renfiltration in Fractured Porous Media - The rate of ol flow in a one-
dimensional matrix block in the vertical direction is given by
kk,, € dP, dS, U

s
m &9 ds, dz ¢

q= )

where Dr is the dengty difference between the oil and gas phases, P. is the gas-ail
capillary pressure, S, is the ail saturation, z is the vertica distance (positive upwards), k
and k,, ae the absolute permesbility and oil reative permesbility, respectively, ng is
the oil viscosty, and q is the rate of oil dranage or infiltration and is assumed to be

postive in the downward direction. This equaion gives the rate of dranage a the
bottom face (z=0) and the rate of reinfiltration of oil at the top face (z=L) of a matrix

block. The term dS,/dz could be postive, zero, or negative. The term dP, /dS, is

never postive. At z=0, when the marix is fully ssturated, dS,/dz =0, and the initid
rateis.

_ Kk
z=0 m

q Drg "
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As the marix block desaturates dS,/d4 _ <0 and the rate of drainage decresses,
Therefore, the rate of drainage from the bottom face of the matrix block is aways,

Kkro

q|z=0 £ Drg (3)

From the top face of the matrix block a z=1L, the rae of ail ranfiltration can be
computed usng Eq. 1. If enough liquid is provided, SO|Z=L =1 and dSOIdz|2=O >0, and
therefore,

3 kka

d Drg 4

The implication of the rdaionships given by Egs 3 and 4 is tha as the matrix
desaturates, the rate of reinfiltration is higher than the rate of drainage and, therefore, oil
flows through the matrix. The above reaults are in the context of gas and oil flow far
away from the wellbore where viscous effects are not pronounced.

Note that renfiltration applies to gas-oill systems but not to water-oil sysems
(when water is the wetting-phase). When ail is the wetting-phase in a water-oil system,
then the oil in fractures could renfiltrate back into matrix rock. For the weskly water-
wetting in oil-water flow, the rate of renfiltration of the produced oil from a matrix block
to the neighboring matrix blocks may not be sgnificant.

Gas-oil Gravity Drainage in Layered and Fractured Media - Let us consder
two sand columns each of 18-m height. One sand column is homogeneous and has a
permesbility of 750md. The other sand column is layered with dternate layers of 750md
and 7500md. The height of each layer in the layered column is 1.8m. The geometric
average permesbility of the layered column is about 2200md — about three times the
homogeneous column.  The porogty and resdud oil saturations of the less permesble
sand and the more permeable sand are assumed the same (see theory and detals in
Firoozabadi® and Correa and Firoozabadi®).

Fig. 1 shows the drainage rate and the cumulative production of the two columns.
Note that the less permegble sand column has a better recovery efficiency than the more
permeable layered-sand column. The main reason for the difference in recoveries is due
to the capillary pressure contrast between the two layers. From the drainage rate results
(see Fig. 1), one may confidently conclude that there is no meaning to an average
capillary pressure for a layered sysem when there is a contrast in capillary pressures.
One may not also provide scale up for such a drainage problem.

Let us now condder the drainage performance of a 1.8-m long homogenous Berea
sandstone with a cross sectional area of 2205 cnf. After measuring the draina%
performance of this tall block, it was cut into three equal pieces of 0.60m height eacH”.
These blocks were stacked on top of each other. Four metalic spacers of 100-micron
thickness and ared dimensions of 2" 2 cm were insarted in the space between the matrix
blocks. The insertion of spacers ensures uniform fracture aperture between the matrix
blocks. The drainage performance of the three-block stack was aso measured. Fig. 2
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shows the drainage performance of the tall block and the three-stacked blocks. There is a
ggnificant difference between the two recovery curves  While the permegbility of the
dacked block sysem is more than the permesbility of the tal block, the capillary
pressure contrast between the fracture and the matrix media affects the recovery in favor
of the less permeable tal block. Fig. 3 shows the fracture and matrix capillary pressures
that were used to smulate the drainage results shown in Fig. 2 (see Ref. 8).

The two examples above reved that the capillary pressure contrast between the
two media next to each other has a pronounced adverse effect on recovery performance
by gas-ail gravity dranage. When the two capillary pressures become identica, the gas
ol gravity drainage recovery peformance improves dgnificantly. One may reduce
capillary pressure contrast by reducing the interfacia tenson between the gas and ail
phases through miscible displacement. Miscible displacement in fractured porous media
can be aviable option for improved oil recovery. It will be discussed briefly next.

Miscible Displacement in Fractured Porous Media

The common underganding of flow in fracture porous media is that fractures
provide the ail flow path and the matrix provides the storage. This undersanding is true
in 1) dngle phase flow, 2) water-wet fractured media for water displacement of ail, and
3) flow around the welbore with high viscous forces. As we have seen above, it may not
be vdid for gas-ail gravity drainage. When miscible injection in fractured porous media
is conddered, we need dso to modify our thinking. In generd, there are various
crossflows between a less permegble and a more permegble porous medium due to
capillary, gravity, and viscous forces or due to diffuson. Both experimenta data and
theoretical andyds (Refs. 9-11) show that in a miscible injection process, the injected
fluds do not flow through the high permegbility fractures. There is drong gravity and
viscous crossflows between fractures and matrix. As a result, miscible gas injection in
fractured porous media can be very efficent. State of the at in dud-permesbility
modding does not currently dlow to account for some of the basc crossflows in miscible
gasinjection in fractured reservoirs.

Water Displacement in Fractured Media

Water injection has been very efficient in some fractured reservoirs. However, the
genad thinking in the literature centers around the idea that water injection in fractured
reservoirs is manly efficent for waer-wet conditions. On the bass of this belief,
laboratory experiments are conducted by immersng an oil-saturated core plug into water
to study the imbibition recovery.  The immerson forces the imbibition to be
countercurrent.  In the past, when the countercurrent imbibition tests in the laboratory
gave poor recovery, waer injection was assumed to be inefficent. As we will
demonstrate soon, one can measure very poor recovery by countercurrent imbibition
testing in the laboratory, but in the field, water injection may be very efficient. In other
words, there may be no reation between laboratory measurements of spontaneous
imbibition and fidd peformance, even when the reservoir wettability Stae is perfectly
resored in the laboratory. Hermansen e d.Y) have reviewed water injection
performance of the Ekofisk fractured field in the North Sea.  The fidld data show that the
water-injection performance in Ekofisk is independent of its wettability sate. Fg. 4
shows the ail production rate in Ekofisk from 1972 to 1997. Water injection in the fied
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commenced in 1987. Figure 4 shows the dramatic increase (from 70,000 BOPD in 1987
to 260,000 BOPD in 1997) in rate after water injection commencement. In the upper
formation (where the reservoir is less water-wet) in-Situ saturation measurements showed
that recoveries were better than laboratory measured values. Fied data show that in this
fractured fied there has been limited water breskthrough even &fter ten years of
waterflood operation.

Now we discuss water injection in both water-wet and weskly water-wet (that is,
intermediate-wet) fractured porous media.

The fracture network does not become flooded at once from water injection; the
water-oil leve in the fractures has an advancing behavior. Therefore, imbibition in a
water-wet matrix block of a fractured medium may not be only due to countercurrent
imbibition.  When a water-wet matrix block is partialy covered by water, oil recovery
can be ether mostly by cocurrent imbibition or by both countercurrent and cocurrent
imbibition.

Pooladi-Darvish and Firoozabadi'? have shown that the scaling of countercurrent
imbibition, which is often used to evduate water injection in waer-wet fractured
reservoirs may lead to pessmidic recovery peformance. In countercurrent imbibition,
the ail flow pah is in two-phase in cocurrent imbibition, the flow pah for ol is manly
in ange-phase, which can be very efficient. Fig. 5 shows the recovery performance of a
sngle matrix block from water injection from the bottom, and immersion in water'™. A
sngle block of an outcrop chak (k»3md, f » 30%) was placed in a visud coreholder

and was surrounded by top, bottom, and side fractures. Fig. 5 shows that the initid rate
of imbibition for the immerson tests is high. This is due to large contact area between
the matrix block and the fracture water. Later on, however, production rate for injection
tests is higher than the immergon tess. The immerson forces countercurrent imbibition,
wheress injection gives the matrix a choice for cocurrent or countercurrent depending on
rae of injection. Fig. 6 presents the fine grid amulaion results of water injection from
the bottom of the matrix surrounded by fractures. The height a& zero is the bottom and
top of the block is a 30cm. The water saturation in the fracture a 0.1 and 0.3 PV
injection and the corresponding ail flux from the matrix to the fracture, and the water flux
from the fracture to the matrix show that most of the oil is produced by cocurrent
imbibition (the rates in the Fig. 6 are dimendonless). In other words, the ail is produced
mainly above the water-oil contact in the fracture and water imbibes below the water-ail
contact).

Fig. 7 shows the effect of pressure gradient across a rock sample on oil recovery
ina water-wet tight rock plug® (k=13md, f »30%, L»6cm, d=51cm). This figure
adso shows the recovery performance from countercurrent imbibition for the same rock.
Note that the find oil recovery is around 68 percent and is independent of the pressure
gradient. The recovery from countercurrent imbibition is dso 68 percent. In the
countercurrent  imbibition test, the oil-saturated rock is immersed in water. In the
coreflooding tests, the core was sealed across the circumference and water was injected at
aconstant pressure. The outlet was at atmospheric pressure.

Fig. 8 plots the recovery performance of the weskly water-wet core (with the
same permesbility, porosity, and dimensons and smilar to the core plug of Fig. 7). The
Amott wettability index to water®® is 0.09. Fig. 8 dso shows the recovery performance
of the water-wet rock as a reference when it is subjected to countercurrent imbibition.
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For the countercurrent imbibition test in the weskly water-wet rock, there is no water
imbibition to a time of about 6 days. The period in which the rate of imbibition is zero at
the begmnmg is cdled the induction time, which is a common fedure in a nucleation
Even when the imbibition begins, the rate is low. The find recovery is
onIy about 5 percent. In the flooding tet, the recovery increases with the increase of
pressure gradient. At a pressure gradient of 0.96 psi/cm, the induction time is about 14
days and the fina recovery is about 11 percent. As the pressure gradient increases, the
recovery performance improves. At pressure gradients of 3.85 and 13.5 ps/cm, the fina
recoveries are about 50% and 78%, respectively. Note that the final recovery for the
countercurrent imbibition of the water-wet rock is about 68 percent.
Fig. 9 shows the estimated capillary pressures for the water-wet (1,,=1.0) and the

weskly water-wet (1_,=0.09) rocks. Only the negative capillary pressures are estimated;
the fina recovery and pressure data from the corefloodings were used to estimate the
capillary pressure, which is defined from P, = p, - p,,. Note that & P =0, the water
saturations are 5 and 65 percent for the weekly water-wet and  water-wet cores,
respectivey. These saturations are consstent with the countercurrent imbibition tests in
Fig. 7. Note that there is no extra recovery for the water-wet rock a high negative
capillary pressures.  On the other hand, there is a mgor increase in oil recovery for the
weakly water-wet rock as cepillary pressure decreases. The contribution for the negative
dde of the capillary pressure curve to  recovery is often cdled forced imbibition; the
recovery from the positive Sde is called spontaneous imbibition.

Fracture-Matrix-Fluid Compressibility

Knowledge of formation compresshility can be very important when a highly
undersaturated oil in a fractured reservoir is conddered.  The total compressibility
becomes criticd when gas and water injection options are not available. Suppose we
neglect the pore compressibility, and the fluid compressibility is 6”10° 1/psa then the
recovery from 4000 ps pressure drop would be 2.4 percent. However if the combined
fracture/matrix pore compressihility is ¢, =2 10° 1/psia, then the recovery would be 10.4
percent, which is subdantid. High compressbility alows economica depletion of
fractured reservoirs of group three (with no matrix porosty) where there is no active
aquifer and there is a substantia oil undersaturation (say 4000 to 5000 ps).

Discussion and Concluding Remarks

Fractured petroleum reservoirs are currently characterized by two man models.
In the so-caled sugar-cube modd, al the fractures are connected and the sze of the
matrix blocks surrounded by fractures is an important parameter. Dua-porosity models
ae extendvely used to dmulate vaious producilon schemes from such characterization
(Gilman and Kazemi®®, and Thomas e d.%). In the discrete fracture modd, the
connectivity of fractures are redidticaly described.  Efforts towards the use of discrete-
fracture representation of fractured reservoirs in multiphase flow has begun®®. In each
of these two modes it is a chalenge to include various mechaniams of water and gas
displacement. Nevertheless, as the understanding of physical processes improves, we use
the improved physicd undergtanding of flow processes ether directly or indirectly in
aopropriate models for the characterization of fractured reservoirs. It seems that the



combination of laboratory research and interpretation of fidd performance is our best
course of action for efficient production from fractured reservoirs.
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Chapter Il — Gravitational Potential Variations of the
Sun and Moon for the Estimation of Reservoir
Properties

Part | — Gravitational Potential VVariations of the Sun and Moon for
the Estimation of Reservoir Compressibility

ERIC CHANG AND ABBAS FIROOZABADI

Abstract

Total compressibility in a fractured reservoir is estimated using the pressure response due to gravitationa
potential variations. Both the lunar and the solar gravitational potentials are fully accounted for by
incluson of longer-period components. The semi-diurna and diurna pressure data show substantial long-
term variations. The gravitational potential aso contains the same variation trend; the ratio between the
potential and pressure has a fairly uniform value over successive cycles. The computed total
compressibility is aso fairly constant and independent of the cycle.

Introduction

Pressure test data taken with modern, high-resolution gauges often show small, but easily observable
pressure variaions, with a definite periodic behavior. These periodic fluctuations appear to occur on a
semi-diurna time scale (repeating every half-day). In addition, other variations with smilar, but longer
periods, such as diurnd (daily) may also be evident. The origin of the snusoida variation n reservoir
pressure observed in well test data is the coincident periodic variation in the gravitational potential
imposed on the earth by the moon and the sun. The potential variations are coupled to the reservoir
pressure pulsations through the earth tide. The earth tide is Smilar to the more familiar and readily
observable ocean tide. Both are similar manifestations of the same phenomena, in which the free surface
of a body seeks a surface of constant potentia of the imposed gravitational field in ader to minimize
potential energy. Observations of these pressure perturbations can provide estimates of reservoir fluid
and petrophysical properties, because they couple the pressure response to the potential variation.
Typicdly, there are two parameters that can be estimated in thisway. These are the total compressibility-
porosity product and the mohility of the fluid within the pores. The former is related to the amplitude of
the pressure response, and the latter to the phase lag. If the pressure data are of good qudity, and the
tiddly-induced variations are distinct, correspondence between the gravitational potentia driving force
and the associated response should be clear enough to make estimates with reasonable confidence.

This study uses a data set from a fractured oil-bearing formation with a clear semi-diurna signd that is
well above both the noise and trend threshold, providing an ideal opportunity to test the tida andysis
theory.

There are three tasks that are required in order to use the pressure variation data to estimate bulk
reservoir properties. Firgt, an expression for the gravitational potential due to the most important sources,
the moon and the sun, must be obtained. Although this has been done previoudy in the literature, it is not
in a form suitable for the current analysis, for reasons that will be examined in more detail later.
Furthermore, it is desirable to show the derivation in a form that is sufficiently self-contained so that it
may be used as a basis for independent investigation. Second, the dilatational response as a function of
the magnitude of the gravitational potentia is required. Unlike the ocean tide, the earth tide is restrained
by the elastic properties of the solid earth. Thus, the pressure response to a varying gravitationa field is
influenced by the constitutive mode (density, compressibility, and elagticity) selected for the interior of



the earth. Third, the dilatation, or compaction of the earth near the surface must be related to the observed
pressure through the parameters that it is desirable to evaluate. Such relations can take the form of a
smple volume balance proportionality, or a complicated time-dependent numerical solution of the flow
around the wellbore that must be solved repeatedly and regressed against the observations.

Previous Work

The estimation of reservoir parameters using the pressure due to gravitational potentia variations has
been undertaken in severa contexts in previous investigations. Some of the earliest observations of pore
volume changes induced by earth tides have been made on fluid height variations in an open wellbore.
Since this type of measurement does not require sophisticated pressure monitoring equipment, it is
straightforward and inexpensive to perform. Bredehoeft' has presented a comprehensive investigation of
the fluid height oscillation in a water reservoir due to pore volume changes. The relation derived between
the dilatation and the porosity is valid for the quas-steady State estimation of the porosity from amplitude
observations. He has aso commented on observations from different locations. Moreland and
Donaldson’ extended the analysis to employ the phase lag to estimate flow parameters from observations
of the fluid height as a function of time. They solved the flow equation with constant pressure boundary
conditions at the wellbore. The flow into the wellbore caused by the differential compaction of the
reservoir results in a phase lag that was studied for various values of the flow parameters.

In petroleum reservoirs, the measured data is usudly in the form of the pressure, as the wellbore is
closed. In this Stuation, the gravitationdly-induced dilatation causes compaction or expansion which
results in a uniform increase or decrease in pressure throughout the reservoir. Under quasi-steady state
conditions, this pressure is the same as what is observed at the wellbore. Arditty et al.® studied the
response of a closed system to periodic variations in the gravitationa field generated by the moon, which
is the body with the mgor influence. They only considered the principa semi-diurnd and diurna
components of the tidal signa. In addition, they extended Moreland and Donadson's flow solution for
the closed wellbore system in order to analyze critical frequency (equivalent to phase lag) as influenced
by flow parameters. Many of their results were inconclusive, most probably due to poor data quality. In
addition, the severd smaller, but gill important earth tide components that were ignored in their
comparisons may ill have had a substantia influence. This was a mgor impetus, along with
observations from a fractured field, for including al the tidal components in the estimation procedure
described in our investigation.

Other studies involving closed reservoir systems included the work of Hanson and Owerl', who studied
principa fracture orientation via examination of the directiona dependence of phase lag between the
pressure response and the earth tide induced dilatation. A principd fracture orientation could be detected
by examination of this quantity due to the fact that fluid flow parameters influence the phase lag. Hemala
and Banaves® studied the influence of ocean tide effects caused by the local changesin gravitationd field
brought about by the redistribution of ocean water mass on a periodic basis. They used the principa
semi-diurna lunar component of the gravitationa potentid in order to estimate compressibility and
obtained reasonable agreement with triaxia tests.

The current study seeks to derive a full (multi-spectral) expresson for the gravitational forcing
potential for both the sun and the moon. This potentia is then compared with the observed pressure
fluctuations in an observation well from a fractured reservoir for the purpose of computing tota
compressibility of the formation. It was found that by employing the full expression, cycle-to-cycle trends
could be explained by the inclusion of the longer period components, which would otherwise result in a
misfit between observation and theory if only a single component forcing function were used.

Data Analysis

Fast Fourier Transform (FFT). It is customary when studying a data stream whose key behavior is
periodic to examine the data in the frequency domain. This has the advantage of highlighting the mgor
frequency components. In fact, if the desired signd is deeply submerged in noise, filtering over a long
period may still be able to extract the dominant spectra component. A 128K point FFT (Fast Fourier



transform) was performed on one pressure record from the observation well T. The frequency of
sampling was 120 hr!, so the time interval was 1067 hr. A spectral plot of amplitude squared versus
frequency is shown in Fig. 1 An excerpt of the pressure data, beginning 1750 hours after the start of the
tes, in the time domain is shown in Fig. 2. The periodic behavior of the signa is especialy evident in the
frequency domain plot, with two clear pesks at frequencies of 0.04 hr* and 0.08 hr™* appearing,
corresponding to periods of 24 and 12 hours (diurna and semi-diurnd), respectively.

Limitations of the FFT. Also evident in Fig. 1 is the large tail of low frequency noise due to the dow
decay of the spectra components excited by the windowing function implicit in the finite extent of the
input data in the time domain. Since the window leakage occurs in the region of interest for tidal analysis
(the diurnal terms, especidly), it makes the task of estimating the total energy in that range of frequency
difficult. Another problem with using the spectra plot to estimate energy in a frequency range is the
presence of closely spaced components that are hard to resolve. In fact, resolving them amounts to
individudly estimating each one's amplitude, frequency and phase. Clearly, fitting this large quantity of
parameters is undesirable for the comparatively more modest task of estimating the total spectral energy
associated with the two peaks.

Alternative Methods. Aswas pointed out by Mechior®, there are better ways of regressing against this
type of data, such as least-squares fitting in the time domain. Since the astronomica influences that
generate the gravitational potential fluctuations are known with high accuracy, it should not be necessary
to fit high-resolution amplitude and phase models through the use of Fourier andysis. The information
would be redundant, and the procedure would be equivalent to the unnecessary amplification of noise. By
imposing the dready well-known forcing function on the linear elastic model of the earth, it should be
possible to numerically fit the smal number of desired unknowns by means of a regresson against the
computed and actual responses.

Note that this is quite different from smply extracting the dominant semi-diurnal spectral component
and attempting to fit it to the observed pressure. Asis clear from Fig. 2, there is more than one spectral
component, so consequently the fit will be different depending on the time interval over which it is made.
Thus, such a fit is only meaningful when many (or most) of the spectral components are retained in the
gravitationa potential forcing function. This procedure is similar to the one used for estimating the
elagticity response parameters (explained in more detail in Appendix B) by comparison between
theoretical and observed deformation of the earth’s volume, as measured with tri-axiad pendulums,
resulting from the earth tides.

Comparison between the data processes and the gravitationd potentia will be deferred until later in the
paper, when afull expression for the latter will be derived.

Single-Component Based Estimates

Limitations. Despite the caveats mentioned in the preceding section, it is still instructive to attempt to
estimate the tota compressibility via a single component anadysis following Arditty et a.® This rough
caculation will adso lay some groundwork for the more accurate analysis presented in the following
section.  The largest component in the Fourier representation of the combined lunar-solar induced
potential is known as M,. It arises from approximating the position of the lunar orbit as a mean band of
distributed mass centered at the equator. Deviations from this base term are caused by longer erm
variaions in the true orbit due to its obliquity as well as to the influence of the sun. The solar
contribution is neglected in this preliminary smplified calculation.

Contribution to Pressure Head. There are actually two avenues by which temporal variations in the
gravitational potential can cause corresponding pressure pulsations. The first is by compaction and
expansion of the earth’s volume, and the second is by varying the static pressure head.

The second contribution is so small that it is negligible compared to the first.  This will be shown by
performing a smple caculation. Note that this mechanism does not rely on coupling through the earth’s



deformation in order for a pressure response to be generated. The variation in the field strength caused by
the changes in distance between the attracting body and the earth gives rise to the pressure variations.
The pressure head of a dationary fluid column is proportional to g, the gravitational acceleration, so
changesin g result in proportional changesin the pressure, p. The total lunar influence comprises a peak-
to-pesk amplitude variation of approximately 0.17 milligal out of the approximately 980 gal (cnvs’) from
the earth’s field. Therefore, from Dp = r hDg, the pressure variations induced by this mechanism would
be about 10" times the pressure head, or 0.0001 psi per 1000 psi of origina pressure head. Such small
pressure perturbations are negligible in comparison to the dilatation-induced amplitude and, therefore,
will beignored for the remainder of this analysis.

Estimates. It is possble to make a rough estimate of the compressibility using only the single tida

component generated by the moon (M,). The dilatation induced by this component is tabulated by Arditty
et a’. The relation between the dilatation, g, and the gravitational potential changes which cause it are
quite complex. It is the result of alinear elastic system in which the earth deforms quasi-datically under
the influence of a non-uniform gravitationa field. Details of this solution are given in Appendix B. This
problem was formulated using an earth congtitutive model with radiadly varying dasticity, density, and

compressibility, and was first solved numericaly by Takeuchi’ in 1950. The dilatation induced by M, is
given as

Q= 45" 10° @

In other words, the amplitude of the strain would be 0.0000045% in either direction (compaction or
expansion).

The deformation of the reservoir volume is ressted by the rigidity of the pore network and the
compressibility of the fluid within it. If the matrix grain compressibility is small compared to that of the
pore space, most of the volume change upon deformation will occur in the latter. Therefore, one may
write

Q="fciDp @)

where f isthe porosity, ¢; is the total compressibility of the pore space, and Dp is the change in pressure.
Since Arditty’s value of Q was computed as a peak-to-peak value, an estimate of ¢; would require the
peak-to-peak amplitude of the pressure variations. In addition, a vaue for f is aso required. As
mentioned in the previous section, it is difficult to estimate the primary component’s peak-to-peak
variation, because the forcing function is not composed of solely one component. Examinations of a short
run of data from the beginning of Fig. 2 shows sequential peak-to-peak values of 0.1479, 0.0576, 0.1026,
0.0064, 0.1275, 0.0635 ps. Clearly, there is no one vaue for the peak-to-peak variation. Integration of
the spectral energy in the semi-diurnd bin, on the other hand, yields Dp of about 0.25 ps, but this vaue
includes contributions from other closely spaced spectra components and is, therefore, not suitable for
comparison with Eq. 1. Using the first estimates, then, in conjunction with a porosity of 0.02, results in
values for ¢ ranging from 1.5 to 35" 10° psi*. (Note that the pressure datain Fig. 2 should be detrended
for proper compressibility caculations.) In the next section, the compressibility estimate will be refined
by computing an expression of the potentia (and, therefore, the dilatation) which uses the entire spectrum
of lunar and solar components. This driving term will then be compared directly with the pressure signa
in order to resolve some of the concerns raised above.

Total Compressibility

Conventional Methodology. Traditionaly, earth tide anadysis has been carried out via a separation of
the time varying potentia into a series of pure sinusoida components. Due to the complexity of the
relative orbits of the sun, and especialy the moon, such a separation results in an infinite number of



spectral terms. Then, only the first few terms with the largest amplitudes are selected for use. As shown
in Appendix A, which gives a detailed derivation of the full gravitational potentia, the terms in the
expression involve products of sinusoidal functions of the astronomical longitudes and declinations (see
Eg. A.8). Non-linear mixing between the components gives a long-term modulation that was evident in
the peak values of the pressure data exhibited in Fig. 2.

The same methodology could be retained in the current exercise. Each of the tabulated harmonic
components of the potential could be summed in declining order of importance, wntil an approximation of
satisfactory accuracy could be obtained.

Calculation of Full Expression for Potential. For various reasons, it was decided that the full
expression for the potential would be used. Fird, this method is actudly somewhat smpler than the
multiple component method, since the analytica expresson for the potential does not have to be
spectrally decomposed, only to be partially reconstructed later on. Furthermore, there are some questions
about the validity of some of the expansons, and these inconsistencies can be bypassed by smply
retaining the full expression.

In this era of high-speed digital computers, there is less of an advantage to a trade-off taking on
agebraic complexity in exchange for smplifications in the data fitting later down the line. The fit
between the derived potential and the pressure data should, with the full expression, also be independent
of the time interval selected, because al components, even the ones with very long periods, are included.
The expression for the potentia is computed directly from Newton’s law for the gravitationa attraction
between two masses, and requires the masses and separation distances (the latter being a function of
time). These quantities are known with a great deal of accuracy, both from astronomical calculations and
observations spanning more than a century. For reference, the expression for V,, the first term in the
spherical harmonic series of the potentia due to a body in relative orbital motion with respect to the earth,
is repeated here (see Appendix A).

--3 4 s . AY
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N is Doodson's number, an astronomical parameter which depends on the mean separation distance
between the moon (or the sun) and the earth, as well as their masses. It has units of length*time?, the
same as potentid, the rest of the expression being dimensionless. ¢/Ris the dimensionless deviation from
the mean distance associated with the disturbing body’s orhit, d is the declination, f the latitude, and t
the supplementary hour angle (or time, with 360 degrees being equivalent to a day).

It is clear how the complicated, multi-spectral dependence of the potential on time arises, since the
second and third terms, besides containing sinusoida functions of the basic time, also contain multiple
harmonic terms dependent on the declination, which aso varies periodicaly with time. t; contains an
implicit dependence on the longitude. The declination may be computed from the true longitude and
ecliptic obliquity associated with the moon or the sun. One value of V; is calculated for the moon and one
for the sun, and they are added together. Note that although the longitude and latitude of the observation
point will be the same, d and t; will be different between the lunar and solar terms. Addition of the two
terms to obtain the full potentia is permissible within the scope of this investigation, since the effect of
the potential on the dilatation is coupled through a system of linear equations. Therefore, the principle of
superposition applies.

Comparison with Pressure Data. The combined lunar-solar potentia is computed and plotted along
with the pressure data from the observation well T of afractured reservoir. This fractured reservoir has a
negligible matrix porosity, a fracture porosity of around 2%, and a highly undersaturated oil. Based on an
extended production period of about a year, the total compressibility is caculated to be around 2.5 ~ 10°
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psa®’. Note that the total compressibility is very high compared to oil or water compressibility; the high
compressibililty can contribute to substantial recovery under certain conditions. The compressibility
calculated from pressure drop of the reservoir is influenced by the estimated amount of fluid in place and
is, therefore, subject to uncertainity. Fig. 3 shows the pressure in the observation well for two different
tests. Note that during the interval of pressure data from the observation well, oil was produced from the
field. The plot shown in Fig. 3a starts 1600 hours after the beginning of the test (1215, 10/17/1996), and
that in Fig. 3b aso starts after the beginning of the associated test (1231, 4/22/97). The pressure data in
Figs. 3a and 3b reveal a cyclic \ariation; there are periods during which pressure variations are small.

Such periods are not suitable for data collection to be used in the estimation of compressibility; the error
maybe be too large. As we will see soon, the period of low pressure variation can be predicted from the
potential calculations. Fig. 4 is a shorter time data for observation well T. Several features are
immediately obvious from these graphs. The first is that the pressure is clearly being driven by the tidal

potential. Eachtime there is alarge peak in the potentia there follows a large peak in the pressure curve,
and vice versa with the small peaks. Closer examination of Fig. 4 shows a longer term trend in that the
largest peak-to-peak difference is dowly decreasing first, then increasing and then decreasing. This
pattern is also matched in the pressure signa. These features illustrate the benefit of using the full

expression of the potentia rather than an expression limited to a few spectra components, which would
obvioudy show a different fit depending on the time window that the potentid and pressure were
compared in. A second notable feature is the phase lag evident in the pressure signal. Fig. 4 has had the
x-axis (time) shifted by 12 hours to make the comparison between the pressure and potential peaks more
clear. Such alag is a result of a dight deviation from the quasi-gatic approximation implicit in the
compressibility estimate. The wellbore, having a different (and lower) effective compressibility, must be
charged from the surrounding reservoir volume. The mobility of the fluid is sufficiently low that alag is
generated between the pressure and the driving force associated with the potential. The phase lag points
to the opportunity of computing fluid mobility (k/m) which will be discussed in further detail in the
following sections.

Estimate of Compressibility. The plotsin Fig. 4 can be used to estimate tota compressibility in much
the same way that the peak-to-peak measurements in an earlier section were used. In this case, athough
the peak-to-peak distance in the pressure profile is seen to vary, the potential aso contains the same trend
in variation. Thus, the key quantity, which is the ratio between the potentia and the pressure, maintains a
fairly uniform value over successive cycles. For example, the maximal peak-to-peak difference (for the
peaks in the middle of the graph in Fig. 4e) in the potentia curve is approximately 71000 cnf/sec?, and
the corresponding peak-to-peak differencein pressure is 0.167 psi. Using Eg. B.5 in conjunction with Eq.
2,

.. _ 0498V, ¢ "
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where DV, is the peak-to-pesk difference in the gravitationa potential V,, Dp is the corresponding
peak-to-pesk difference in pressure, r is the radius of the earth (r = 6373.388 km), and g is the
acceleration of gravity. Substituting the values of the peak-to-peak variations DV, and Dp yidds, ¢ = 1.7

10° psi* which is in fair agreement with the total compressibility estimated from the extended
production testing.

It may be demonstrated that this value of the compressibility computed in such a fashion is, to a large
part, independent of the time or location of the measurement. Table 1 provides alist of estimates for the
compressibility obtained from different times. Times and dates are given in locd time, month/day/year
format. For the purposes of making these estimates, the data were detrended with a smple linear
calculation that equalized the starting and ending pressure of the track. Such a transformation removes



the linearly time-dependent portion of the trend. All the values of the compressibility fal in a farly
narrow range from approximately 1.4 ~ 10° psi*to 1.74 ~ 10° psi*. In fact, one estimate of the possible
error is based on the decrease in pressure due to the long-term trend in the reservoir of about 0.1 psi/day.

Table 1 - Estimated Compressibility

Start Date Time period (hours after start) Ct
(10°ps )

1215 10/17/96 24-264 1.54
1215 10/17/96 3120-3360 (early) 1.43
1215 10/17/96 3120-3360 (late) 1.63
1231 4/22/97 24-264 (early) 1.68
1231 4/22/97 24-264 (late) 1.52
1231 4/22/97 1272-1512 (early) 1.74
1231 4/22/97 1272-1512 (ate) 171

The computations may be extended to use alarger interval of the pressure data by regressing the constant
of proportionality between the potentiad and the pressure. Unfortunately, such a fitting process is
complicated by two factors. The first is the aforementioned phase lag between the pressure and the
potential. A parametric fit for this quantity must aso be included in the non-linear regression as an offset
in the time variable. Since the dependence of the astronomica longitudes and declinations on time s
fairly complicated, it is difficult to obtain the Hessan matrix of derivatives with respect to regresson
parameters that is required for atypical Levenberg-Marquardt non-linear regression. The second factor is
the presence of an obvious trend in the pressure data. Superimposed on the tide-induced pressure
variations is a long-term pressure decline that is part of the observation well pressure measurement.

Using more than afew cycles of pressure data requires that this trend is more effectively removed. These
concerns will be addressed in future work in which the estimation of flow parameters will adso be
included.

Remarks

The current investigation shows that most of the higher frequency features in the pressure data can be
explained by the earth tide. Thereis, however, a substantial phase lag. In addition, it is clear that longer-
term trends in the pressure data, due to depletion of the reservoir, must be filtered out without overly
affecting the desired signal. Note that the potential induced by the earth tide varies with a longer term
trend than the diurnal or semi-diurna variations associated with the earth’s rotation. These variations
should not be filtered out. They are caused by the dow changes in the declination of the moon due to
both its orbit and the indirect influence of the sun on the orbit obliquity. Therefore, there are optimum
periods, as well as more favorable locations, for carrying out pressure measurement. These points will be
discussed in more detail below.

The pressure data show a phase lag (about 12 hours) with respect to the potential, as was discussed
earlier. This lag arises from the fact that the characteristic time associated with fluid flow around the
wellbore is comparable to the semi-diurnal time scale over which the most repid oscillations in the
potential take place. The phase lag has a secondary effect on the compressibility estimate. Close
examination of comparisons between pressure and potential shows that the ratios between adjacent large
and small peaks do not correspond. The reason for this “blurring” effect is that the phase lag makes the
pressure response not only a function of the current, but also of the immediately preceding values of the
potential.

Rather than being a hindrance to the compressibility computation, the phase lag is an avenue for
estimating the fluid mobility (k/m). This problem has been addressed by Moreland and Donaldson?® for the



case in which the wellbore is a constant pressure.  This boundary condition is sufficiently simple that it
was possible to obtain an anaytic (although not closed form) solution to the flow equations. The closed
boundary, constant-volume problem is significantly more difficult, and athough the governing equations
are 4ill linear, it may be difficut to obtain anaytic solutions to them. A numericaly-based regression
procedure, however, does not require an analytic solution, athough the computation of the required
minimization derivatives becomes much more complicated.

In order to make an appropriate comparison between the potential and the pressure, it is necessary to
remove as much of the trend in the latter that is not a result of the earth tide. The standard method for
frequency-dependent filtering is to perform it in the frequency domain. A spectral model is constructed
for the noise, and a filter is constructed to preferentialy attenuate the components that occur in greater
proportions in the noise. Of coursg, if there are noise components that have the same frequency as
desirable ones in the data, afilter of this type will attenuate both of them without regard for their source.
Future investigations will study the construction of this so-called optimd filter.

One way of approaching the signal-significance problem is suggested ly the plots of potentia over
longer time periods. The higher frequency potential wave is modulated by a longer-term wave with a
characteristic period of severa days. This modulation is caused by the declination of the moon in its
comparatively dow orhit causing its zenith point to drift closer to the observation site. Clearly, the
strongest signa is obtained when the relative lunar trgectory passes most closely to directly overhead of
this point. Such a time interva may be computed from astronomical tables or the formulas presented in
Appendix A. Also, it is noted that this “optima interval” will aso depend on the latitude where the
measurements are taken. Therefore, it is prudent to review the time interval over which the pressure
measurements are carried out, with consideration of the test’s location.

Conclusions

The andysis of the well pressure data shows that it is possible to make compressibility estimates if the
measurements are of sufficiently high quality. In this case, the resolution was high enough so that the
tiddly-driven sinusoidal variations were clearly visble. Also, as shown by the tempord plots, the noise,
or scatter in the data was well below the signal strength. These criteria can be attained with modern high-
quality crystd strain devices. In addition, the location of the reservoir is sufficiently close to the equator
(f » 40°) tha the potentid varies with a significant span.  Findly, low fracture porosity, in conjunction
with a high total compressibility, insured a strong pressure signal. It was shown that although a decent
estimate of the compressibility could not be obtained by comparing the cyclicd variation of the pressure
with the dominant harmonic component of the earth tide, a good estimate could be made by admitting the
full expression for the lunar-solar gravitational potential, since the former could be off by a large factor,
depending on the time interva it was computed. The clear presence of a phase lag in the pressure data
shows promise for use towards estimating flow parameters in the reservoir, such as fluid mobility (k/m).
This analysis will be carried out in the future.
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Nomenclaure
¢ = mean distance from the center of the earth to the center of the disturbing body (without
subscript the disturbing body is the moon, with subscript the disturbing body in the sun), cm
¢; = total compressibility of the pore space, psi™
f = porosity, fraction
g = acceleration of gravity, cm/sec®
G = gravitational constant in Newton's law of universa gravitation, cnt/(geent)
h = mean solar longitude, degrees



h; = true solar longitude, degrees

k = permeability, md

| = distance from observation point on the surface of the earth to the center of the disturbing
body, cm

L = Longitude east from the reference meridian, degrees

m= meass of the disturbing body (the moon or the sun), g

N = side angle, see Fig. A.4, degrees

N¢= side angle, see Fig. A.4, degrees

Np = Doodson’s number, cn/sec®

p = pressure, psi; also mean perigee coordinate, degrees

ps = perihdion coordinate, degrees

r = distance from the center of the earth to any point within the earth, cm; aso earth radius, cm
R = distance from the center of the earth to the center of the disturbing body, cm

s = mean lunar longitude, degrees

s; = true lunar longitude, degrees

u = displacement, cm

V = gravitationa potential, (gen’)/sec®

Greek Letters

a = right ascension, degrees

b = declination from ecliptic, degrees

g = spring equinox, degrees

d = declination (latitude of the zenith point), degrees
e = obliquity of the ecliptic, degrees; also normal strain, g/(cmsec?)
g = latitude in spherical coordinates, degrees

0o = Greenwich side real time, degrees
Q-=dilatation, dimensionless

| ; = Lame's modulus, g/(crmsec?)

| ,= shear modulus, g/(crmsec?)

IT = viscosity, ¢/(cmsec?)

r = density, g/en?

s = normal stress, g/(crmsec?)

t = hour angle, degrees

t ;= supplementary hour angle, degrees

f = latitude, degrees

Subscripts

component dong r axis

g component aong g axis

component along f axis
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APPENDI X A- Derivation of the Expression for Gravitational Potential in Geocentric Coor dinates
Astronomica motions are conveniently described using the celestial sphere.  Specialized terminology

such as ecliptic, ascension, equinox, etc. are used in such a description. One may refer to standard texts
on astronomy and astrophysics for the terminology’ s used in this Appendix.

From Newton’s law of universal gravitation, the gravitational potentia V (defined from, g =TV /1)
at adistance | from the center of mass of the disturbing body is given by

V=G— (A.1)

where G is the gravitational constant and mis the mass of the disturbing body. Now, consider a point P
(see Fig. A.1) on the earth (of distance r from the earth’s center). The potentia a point P due to the
disturbing body whose center of massisat M is given by

.8 1 rcosed
e a

The disturbing body can be the moon (see Fig. A.1) or the sun. When both the sun and moon are
considered, the total potentia is given by V = V,, + V;, where V,, is the lunar tide potentiad and V; is the
solar tide potentid. Simple addition of these potentids suffices, since the equation determining the
dilatationd response is linear, and the principle of superposition applies.

In triangle OPM of Fig. A.1, |?=R +r? —2rR cosq.
Combining the expansion of this expression and noting that r/R » 1/60 for the moon, and r/R » 1/23600
for the sun, with Eq. A.2,

3Gma? 0é 16, las © V
v =227 ®osay + =2+ 825+ cos3q + 3cosq) +..5 (A3
2R SRS, B3R g0 " Cos 300 i

Using the definition of Doodson’ s number,
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where c is the mean distance from the center of the earth to the center of the disturbing body,

3, N
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V = Ny C—+ a€os2q+—++ —=C¢—=+(5+cos3g + 3cosq) +...y; (A.5)
Dngg 3g Gng( ) t

From this point on, the presentation will specificaly dea with the moon as the disturbing body. The
corresponding procedure for the sun is much simpler, due to the fact that its orbit follows the ecliptic.
The contribution of the first termto V in Eqg. A.5 is denoted by V,,

.3
V, = NDge_:g (cos2q +1) (A.6)
eRg 3

The second term is denoted by V;. Since Vs is smdler than V, by afactor of approximately the radius of
the earth to the separation distance, it is about 1/45 the size of V, for the moon, and even smaller for the
sun.

Eqg. A.6 is still somewhat inconvenient to use because g depends both on the observation point P and
the position of the moon. It is desirable to separate this dependency by transformation into geocentric
spherical coordinates. Such a transformation may be accomplished using the fundamental formula of the
position triangle of spherical geometry®

cosq =d9nf Ind+ cosf cosdcos(t ; - 180°) . (A7)

The coordinates are shown in Fig. A.2. In this new coordinate system, Eq. A.6 becomes

3,
3¢ s s
VZ:DEG—:QAGE}- nzdggé-snzfg
eRg g e3 @e3 2
-§n 2f sin 2dcost , +cos*f cos®dcos2t 1J (A.8)

The first term gives the long-period excitation, and the second and third terms give the diurnal and semi-
diurnal excitations, respectively. The declination (latitude of the zenith point) is denoted by d, f is the
latitude, and t; — 180° is the hour angle, in the celestial sphere of the moon. Evaluation of this expression
requires the location of the observation point (latitude and longitude), as well as the time (date). The
remainder of Appendix A shows how (¢/R)%, d and t ; are calculated.

The earth-moon distance varies with a period approximately equd to that of the lunar orbit and is given
by Brown’s modef*:

=1+0.05450 cos(s- p)+ 000297 cos2(s- p)+0.01002 cos[(s- p) - (2h- p)]

T|o

(A.9)

+

0.00825c0s2(s- h) +...

The quantities s, p, and h are angles associated with various astronomical motions and are given a the
end of this appendix in terms of time.



The declination, d, has a fairly complex dependency on the above gquantities, since the lunar orbit does
not quite follow the ecliptic. In order to explain the computation of the lunar declination, it is helpful to
study the smpler situation in which the orbit follows the ecliptic. This computation is directly applicable
for anayzing the solar orbit, and with the addition of another spherical triangle, will be used for the lunar
orbit. The smplified diagram is shown in Fig. A.3. The spherica triangle is made up of the equator, the
meridian through the zenith point, and the lunar orbit. Application of Eq. A.7 yields,

cosa cosd=coss, (A.10)

Note that in this equation, with s, replaced by h;, the true solar longitude is directly applicable to the
computation of the gravitational potential due to the sun. For the effect of the moon, however, the
deviation of the lunar orbit from the ecliptic must be accounted for, and consequently the simple spherical
triangle shown in Fig. A.3 must be modified accordingly. The true lunar longitude is not measured
directly from the spring equinox. Instead, s, is measured first to the intersection of the upper transit of the
moon with the ecliptic, then aong the lunar orbit. Thisis shown in Fig. A.4. In this figure, N" is defined
as the angle from the lunar upper transit intersection to the ecliptic intersection with the intersection of the
zenith point meridian and the ecliptic.

There are two triangles formed by the lunar and solar trgjectories:

cosd cosa =cos(N+N") (A.11)

for the lower one, and
cos(d-d) cosa =cos(s; - N) (A.12)

There is one additiona equation from the ecliptic triangle:
snd =dnesn(N+ N) (A.13)
The above three equations give the three unknownsa, N, and d".
To solve these equations, first the computation must be performed aong the lunar orbit, followed by

the simple analog (as dluded to previoudy) adong the ecliptic. Specificaly, the numerical computation of
N’, from Eqg. A.11, must be made differently in each of the four quadrants of s; — N.

cosN'= cos(s, - N)/cosb 0£s - N <90°

cosN'= cos{180° - (s, - N))/ cosb 90° £'5, - N <180°

cosN'= cogls, - N - 180° )/ cosb 180° £5, - N < 270°

cosN'= cos(360° - (s, - N))/ cosb 270° £55, - N <360° (A.14)

Once N has been obtained, a may be calculated based on the standard ecliptic relations, Egs. A.10 and
A.11l. Since eisknown, d may be diminated. It is known that d” < 90°, so Eg. A.11 may be inverted
immediately without regard for quadrant. Then, Eq. A.10 is solved in exactly the same way as above,
with the different forms for each quadrant. By means of conditiona statements, this procedure may
readily be coded as a computer program.

Note that the upper triangle in Fig. A.4 does not lie aongside the zenith point meridian precisely.
Therefore, d is not quite equa to d” + b. Nonetheless, the resulting computation will give a vaue of a
accurate to within a few degrees as compared to NASA lunar observations''. The maximum error occurs
at angles furthest from the compass points (0, 90 °, 180 °, and 270°), and it is not cumulative. It is
possible to do an exact trigonometric computation, but the equations are non-linear and therefore require a



numerical iterative solution. The approximate computation above was considered to be accurate enough
for the current purposes.
The hour anglet (or supplementary hour angle, t ;) may be computed from the following expression

t=t1'1800=qo+|_—a, (A15)

where q, is the Greenwich siderea time, L is the longitude east from the reference meridian, and a isthe
right ascension as computed from the spherica triangles. The Sdered time is smply the stellar longitude,
which differs from the solar time by one day in a year due to the earth’s orbit around the sun. This
quantity is obtained from a program, which starts at a fixed reference and uses the relation, sidereal day =
0.997270 solar days.

The analogous computation for the sun is identical, with the exception of the spherical triangle
computation of dand a. In this case, the single triangle expression given by equation A.13 may be
applied to the spherical triangle generated by the equator, the ecliptic, and their connecting meridian. The
resulting expression is

and =dnesnh (A.16)

which provides d directly from the quantities, due to the fact that the sun’s orbit follows the ecliptic.
With d, a may be obtained from Eqg. A.10, with s; replaced by h; (the true solar longitude suffices,
since the sun’s orbit follows the ecliptic). Doodson’s number is modified by the ratio between the
potential associated with the sun and the moon, respectively, due to their differing masses and distances
from the earth. This ratio is 0.46051, with the influence of the sun being weaker by this factor than the
moon.

The astronomical parameters required in the above calculations are®:

e=23°27"  obliquity of the ediptic
h = 279.69668 + 36000.76892T +0.00030T 2 mean solar longitude
s= 270.43659 + 481267.89057T + 0.00198T >

+0.000002T % mean lunar longitude
ps =281.22083+1.71902T

+0.0045T2?  perihdlion coordinate

p = 334.32956 + 4069.03403T - 0.01032T 2

- 0.00001T 3 mean perigee coordinate
N = 250.18328- 1934.14201T +0.00208T

+0.000002T 3 ascending lunar node

Here, T is the number of Julian centuries (36525 mean solar days) since noon, 1899 December,

Greenwich mean time. The following parameters are corrections to the solar quantities as influenced by
the eccentricity of the earth’s orbit.

h, =h+115'sn(h- p.)+1.2'an 2(h- pg) +... true solar longitude

;—S =1+0.01675cos(h- p,)+0.00028cos2(h- pg) +... dimensionless earth-sun distance

S



As mentioned previoudly, the true lunar parameters are more complicated due to the fact that the lunar
orbit does not quite follow the ecliptic. The formulas below use Brown's model for lunar motion®.

s, =s+377'dn(s- p)+1339n2(s- p)
+76'sin[(s- p)- 2(h- p)]+40'sn2(s- h)
-1T'sn(h- pg)+... true lunar longitude

b =308d9n(s- N)+17'an(2s- p- N)-17'In(p- N)
+10'sn{(2(s- h)- (s- N)]+... dedlination from edliptic

APPENDIX B-The Dilatational Response of the Earth to a Non-uniform Gravitational Field
In the presence of a gravitationa potential given by V, in Eg. A.6, the earth becomes distorted into a
prolate spheroid whose long axis points toward the moon (or the sun). An exaggerated diagram showing
this effect is given in Fig. B.1. In order to relate the gravitational potential to a pressure change observed
in the reservair, it is necessary to obtain the resulting strain of the earth’s volume®. The key component of

the strain is the isotropic volume change (volumetric strain), or dilatation, denoted by Q. The dilatation
is smply the trace of the strain matrix:

Q=e, +eg+6y, (B.1)

where e is the norma strain aong the appropriate spherical axes. The normal stresses are related to
norma strains. In an isotropic medium, the radid stress s, isgivenby s, =1,9+2l ,e,. The
parameters | ; and | , are the Lamé modulus and the shear modulus, respectively. They are ameasure of

eladticity and rigidity. Smilar relations for € and & hold. The radial stress at the surface of the
earth is zero,

Su :|1q+2| 26 =0 (B-2)

Therefore, at (or near) the surface of the earth,

Q= W_(ecq eff (B.3)

The gtrains are related to the displacement u. In spherical coordinates

1 edlug o) leel Ty cosq| 0
€y =—C—+u, T, =G + 8 +U B.4
r é9q UG =y gan qf Y snq Hr p (B4

One can write the equations of motion relating displacement to gravity potentia V., and normal stresses.
Three parameters, |, | ,, and r (earth’s density) appear in the equations of motion. Thefirst solution

computed using a redlistic earth model was carried out numerically by Takeuchi’. The earth model
hypothesized a compressible but non-rigid core (from the observation that seismic S, or shear waves do

not propagate through the earth’s core) with density given by Bullen'® of 12.284 (1 — 0.64014 X?), in



units of g/en®, with X = dimensionless distance from the center of the earth, varying from 0 to 1.
Between the core boundary and the surface of the earth, the constitutive properties of the earth were
considered to vary as a function of radius, with several distinct regions with linear variations of the

properties within each. The following table gives the density, r, the Lamé constant, | ;, and the shear

modulus, | ,, as a function of X. The constants |, and | , are estimated from velocities of P and S
seismic waves.

The tabular data shows a discontinuity a 500 km. Note that |, and | , are given in cgs units times
10%.

The solution with these parameters resultsin

Q= 0.49\;_; , (B.5)

The factor 0.49 is a constant of integration which results from this particular choice of earth model, and
consequent spherically symmetric numerical elasticity solution, that Takeuchi performed. The 3axis
pendulum measurements of the actua dilatation results in a constant factor of 0.50, which isin good

agreement with the theoretical value, 0.49, obtained by Takeuchi®.
TableB-1—Variantsof r, | 5,and | , in the outer core of the earth
Depth r I, I, dr d , d,
3 — —- = —<
(km) (g/en) dx dx dx
0 3.30 0.680 0.600
250 351 0.936 0.772 -4.9686 -6.5815 -4,1558
500 3.69 1.197 0.926
500 422 1.644 1.217 -4.6730 -8.4296 -9.9371
800 4.44 2.041 1.685 -4.4590 -6.4443 -8.2172
1100 464 2.251 1.991 -3.7158 -8.5570 -4.5970
1400 4.79 2.847 2.118 -3.1850 -8.3977 -3.6203
1700 494 3.042 2.332 -3.0788 -4.6713 -4.2466
2000 5.08 3.287 2518 -3.0788 -8.3340 -3.0788
2300 523 3.827 2.622 -3.1850 -10.9350 -2.7072
2600 5.38 4.317 2773 -3.1850 -8.2916 -3.2805
2900 553 4.608 2931 -3.1850 -6.1789 -3.3549
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Earth

Figure A.1 - Bispherical axisymmetric coordinate system about
the earth and the moon.
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South Celestial Pole

Figure A.2 — Geocentric coordinates for the potential expression. P is the observation
point, Z is the lunar zenith point, and 1, is the moon sidereal time.
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Lunar Orbit

\
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T

Equator

Figure A.3 - The right spherical triangle with the lunar orbit as its hypotenuse. s, is the
lunar longitude, ais the right ascension, and Jis the declination.
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Lunar Orbit o
Ecliptic

Celestial Equator

Figure A.4 — The two spherical triangles formed by the equator, the ecliptic, and the lunar
orbit. B is the declination of the lunar orbit with respect to the ecliptic, N is the angle
between the spring equinox and the ascending intersection between the lunar orbit and
the ecliptic, and yis the spring equinox.
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Moon

Figure B.1 — First order deformation, shown by the dotted contour, in response to the
gravitational field generated by a mass in proximity to the earth. The scale of the
deformation is exaggerated for clarity. Points at the top and bottom of the earth undergo
differential expansion, and points along the axis of the line joining the earth and the mass
undergo differential compaction.

105



Chapter Il — Gravitational Potential Variations of the
Sun and Moon for the Estimation of Reservoir
Properties

Part Il — Gravitational Potential Variations of the Sun and Moon for
the Estimation of Reservoir Permeability

ABBAS FIROOZABADI AND ERIC CHANG

Abstract

The flow in a reservoir due to gravitationd potentia variation from the sun and the moon is
formulated. Based on this formulation, three parameters affect the flow: 1) a Fourier number
which is the ratio between the increase in the amount of a mass around the wellbore and the
amount transferred by flow from the welbore for one period, 2) dorativity ratio of the wellbore
which is the ratio of wellbore storativity to the reservoir, and 3) the peak to pesk variation of the
gravitational potentid. Results show that the time lag between the wellbore pressure and the
pressure far away from the welbore is sendtive to permesbility for a certan range of the
parameters.

Introduction

Sendtive pressure messurements taken in closed wellbores often exhibit smdl periodic
pulsations with periods that are goproximately diurna (24 hour) or semidiurnd (12 hour). These
are especidly evident under quiescent conditions, such as periods of dow pressure decline. The
origin of these pulsations is the periodic dilation of the reservoir's porous rock by a varying
gravitationa field generated by the (relative) orbital motions of the moon and the sun.

It has been shown previoudy that the pesk-to-pesk magnitude of these pressure oscillations is
inversdy proportiond to the reservoir's totd compressibility'. Depending on the fluid mohbility
k/nr (k is the permegbility and 1 is the viscodty) the observed pressure sgna may not adways

be in phase with the imposed varying gravitationd potentid field from the sun and the earth. As
we will see in this paper, the phase lag can be due to the pressure ostillations in the reservoirs far
from the wdl and pressure ostillations in the well from fluid flow. This phase lag may be used
to give some indication of the fluid mobility without the need for producing fluids during well
testing.

The man god of this paper is to formulate the trangent flow equations around the wellbore
and provide the pressure response as a function of the time-varying gravitaiond fiedd. The
solution is expected to provide an explanation for the time lag. The solution is adso expected to
be useful to estimate fluid mohility in aclosed well.

Previous Work — The problem of edimatiing the welbore flow response to a periodicaly
vaying gravitationd field has been examined previoudy by severd invedigaiors. The principles
and reservoir coupling mechanisms (and, therefore, the conclusons) proposed in the various
dudies have shown some differences, but they are al based on the genera principle that periodic
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vaidions in the gravitationd fidd generate dilatations in the porous media volume via coupling
mechanisms. These dilaations force some fluid into the welbore, which must subsequently
drain back into the reservoir rock during the subsequent period of lower pressure. Delays due to
the time required for fluid to move towards (or away from) the wellbore give rise to the phase lag
between the gravitationa potentiad and the observed pressure.

Moreland and Donaldsor? modeled the system with an osillating rigid overburden. Variations
in the gravitationd field modulated the weight of the overburden, which was directly transmitted
to the reservoir media via rock conditutive coefficients, which described the relaions between
rock dress, srain, and pore pressure.  The resulting system of linear dadticity and flow equations
was olved semi-andyticdly, and the phase lag obtained as the angle associated with the
complex-valued response magnitude.

Rebbinder® considered a porous materid composed of horizontally oriented fractures which
exhibited a compresshility (independent from the fluid compresshility) with respect to the z-
component of the varidion in the gravitationd fidd. Although the mechaniam is smpler, the
physcd coupling is equivdent to tha used by Mordand and Donddson. Rather than the
pressure or fluid height within a wellbore, the pogtion of the free surface was sought. In this
cae, flow is entirdy in the verticd direction, as manifested in the oscillation of the water table
heght. The water table motion dso exhibits a phase lag, dnce it requires a non-zero amount of
time for fluid to enter the wel and increase the height of the water table once the formation has
been compacted.

Furnes et d., in addition to Hemada and Banaves’, considered a different coupling mechanism
between the gravitationd field variations and the observed pressure response.  Overburden force
variations due to the sea tide causes corresponding porosity variations in the reservoir, by means
of a Hooke's law based mechanism. This physcd mechanism is particularly interesting, since it
predicts a different phase reationship between the gravitationd forcing and the anticipated
pressure variations at zero phase lag (high mobility) than the ones discussed earlier.

Findly, Arditty e d.°, following Bodvardsson’, employed a globa deformation mechanism
based on the numerical solution derived by Takeuchi® for the deformation of the earth's volume
in response to a gravitational potentid variation in the form of the second growing spherica
harmonic expanded about the earth’s center. For reasons discussed in Ref. 1 (and repeated
briefly in this paper), this mechanisn seems to be the mogs plausble for coupling gravitationd
potentid variations to the observable pressure signal.

Field Observations

In Ref. 1, the totd compressibility of an Itdian onshore reservoir was estimated using an earth
tide deformation modd. A phase lag of about 12 hours was observed between the caculated
gravitational potential and measured pressure (see Fig. 1). Fig. 2 shows measured pressure data
and the cdculated gravitational potentid from a wel in a Colombian reservoir.  There is no
phase lag between the measured data and the calculated potentid. In the Colombian onshore
reservoir, the mobility is about two orders of magnitude higher than the Itdian reservoir; both
reservoirs are fractured with very low matrix porosity. The contrast between te mohility in the
two reservoirs may be relaed to the phase lag between wellbore pressure and imposed
gravitationd potentia variation.

We point out that observations from offshore reservoirs can show another complication in the
phase lag between pressure response and imposed gravitationad potentid variation. In Ref. 3,
Rehbinder showed tha the wel response dmost exactly follows the sea floor pressure. This
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pressure, in turn, is driven by the ocean tide, and gives rise to a pressure driving force tha is a
half cycle (gpproximately 6 hours) out of phase with the perturbations caused by the earth tide.
Therefore, this additiond driving term must be accounted for when congdering measurements
taken in offshore reservoirs.

Fluid Flow Modé

Since the rdaionship between phase lag and fluid mobility may be dependent on the nature of
flud flow towards and away from the wellbore, it is necessry to discriminate between the
vaious possble candidaes  The  overburdenrdriven flow proposed by Mordand and
Donadsor? and Moreland® is one of these candidates. These authors considered both rectangular
(flow driven into a channd and depleted uniformly a one end) and axisymmetric (flow into a
cylindrica wellbore with gatic pressure drive a infinity) domains The driving force for flow in
these systems is the modulation of the weight, or force exerted by the overburden, on the
producing formation. The force is smply the vector sum of the gravitationd force of the earth
and that due to the disturbing body. A net flow is generated by the squeezing action of this
varying overburden, volumericdly dilating the fluid-bearing porous medium. The overburden
force, in turn, is ressted by the dadtic nature of the rock matrix as well as by the varying pore
pressure.

The phase of the datic pressure under these conditions is such that it is lowest when the
agronomica body (the moon, for example) is directly overheed. The norma component of the
gravitationa force to the earth’s surface will dedline to 2ro at a 90° offset to the direction of the
force, and tend to increase the overburden when the body is directly below (with respect to the
eath’'s center) the observation location. Therefore, the pressure sgnd will have a 24-hour
fundamenta component. Since observations show that the fundamental component is closer to
12 hours, this flow modd may not be able to explain the dominant component.

As mentioned in Ref. 1, the amplitude of the dtatic pressure variations predicted by the
overburden model also does not agree with the observations. The smple linear model mentioned
Ref. 1 will be expanded somewhat for clarity. The concept of a force baance between the
overburden and the reservoir stresses may be wrritten in the following way,

F/A=s+p, @

where F, is the overburden force, A is the area eement in congderation, s is the rock stress, and

p is the pressure. The overburden term may be written in terms of the depth and the average
fluid and rock dengty as rgl, where | is the overburden height. Let us consder the response of

the system to a andl change in the locd gravitationd potentid, or equivdently g where g would
changeto g+Dg. Because linearity applies in the dagtic response of the reservoir, the reservoir

dressisaresult of alinear operation on g.
s =L(g) )

The responseto g+Dg may be computed by using the property of linearity as
L(g+Dy) = L(g) +L0g) =i+ Vi (9) =+ T €
99 9g
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Evduating Eq. 1, the gravitationa potentia then yields
rgh§+_*:ai+—§+(p+m) (@

By comparing Eq. 4 with Eq. 1, the pressure increase Dp = (Dg/g)p. As noted in Ref. 1,
Dg/g»10*gd/10°gd =10"; for p=10*psi, Dp=10"°ps , which is much smaler than the
observed pressure varidions in the r@ervows (see Figs. 1 and 2). The unit gd is shorthand used
in the earth tide literature™® for cm-sec2

The overburden mechanism proposed by Furnes et a.?, dthough smilar, cannot be dismissed

in the same fashion. One factor is the extremey drong corrdaion with field data In this case,
the driving force dso has a semi-diurnd fundamenta period, which is in agreement with the
observed fidd pressure. The key difference is that the mode considers ocean tide overburden,
which has the correct period. In addition, ocean tide surface loading is not a proportiona effect,
asthe mode discussed above exhibited, but rather an additive one.
Both the two reservoirs congdered in this study are onshore, so the mechanism of ocean tide
loading is not present. In order to generate a response of sufficient size to produce the observed
pressure variations, it is clear from the above consderations that the modd must account for
influence over globd scdes s tha the angular varidion of the gravitationd fiedd becomes
sgnificant.

The earth tide dilation modd used in Refs 1, 5, and 6 does fulfill the criterion in which the
earth deforms to match the shape of the isopotentia surface of the gravitational perturbation. In
Ref. 1, we have shown that such a modd is successful for predicting the Static properties of the
reservoir (totd compressibility). In this paper, the dynamic behavior of this modd will be
examined in order to shed some light on the computation of mohility from phase lag.

Congder an axisymmetric system with a wdl in the center (see Fig. 3). During the period that
the datic pressure in the formation from the wellbore is increasng, the pressure in the wdl if
there was no communication with formation, will vay much less in the same period. As the
gravitationa cycle reverses, the pressure far away from the wellbore decreases. If there is
communication between the formation and the wdl during high pressure period in the far-fidd,
the fluid moves toward the wdlbore, and during the low pressure cycle, the fluid moves from the
wellbore to the formation. The process dso follows a phase lag between the maximum pressure
in the welbore and the maximum pressure in the far-fidd. In the far-field, the pressure increase
is accompanied by a decrease in the gravitation potentid and vice versa, as we will see later. The
dynamic flow of the process depends on the geometry of the axisymmetric sysem and the
importance of the regions of fluid nearer the wellbore for providing pressure support.  This, in
turn, is related to the Stokes or Whitehead paradox, in which the disturbance of a cylinder to
Stokes flow becomes unbounded &t infinity (see, for example, chapter 7 in Ref. 11). Or, for the
sysem being investigated, there is no deady date solution to the flow problem with a non-zero
wellbore flow rate and bounded pressure a infinity, implying limited ddiverability of far-fidd
regions, and therefore, a redriction of most of the flow to a bounded region surrounding the
wellbore.

The samplified problem doman 4ill retains the physicd features of the system necessary for
dudying the phase lag-mobility rdationship. It condgs of an infinite fluid filled cylindrica
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wellbore of radius R; surrounded by a fluid saturated (viscodty m) porous medium (permeshility
k) extending out to infinity (see Figure 3). The equaion for pressure within the porous medium

portion is'?;

1lgkr fpo_f(r) (5a)
rfram frg 1t

This equation follows from gpplying Darcy’s law in conjunction with consarvation of mass in a
compressible sysem with varying porosity (f ). Here, r is the fluid dendty, t istime and r is
the radia coordinate and is pogitive away from the wellbore.

The boundary conditions are:
p(r, t) = Pwen(t), @ r = R, (6)
p(r.t) = p.(t) et r =¥. @)

Theinitid conditionis
p(r,0) = p, ©))

where p, is an average or basdine reservoir pressure and p,(t) is the static pressure far from

the wellbore.

In light of the physcd sysem (and its parameters) that is being modeed, some further
gpproximations are aso made.
1) The welbore does not move. Although the wellbore does actudly move, if it dilated in
accordance with the reservoir volume, this movement would be negligible for the purpose of
accounting for fluid flow, since the dilaaion must be subgtantialy larger than those associated
with the porous medium in the reservoir to generate equivdent pressure changes. The reason for
this difference is that the pressure change in the resaervoir is magnified by a factor of 1/f, and
those in the wdlbore atenuated by increase in effective volume due to the reio between the
formation thickness and the completion interva.
2) Ignore nortuniform compaction due to the cavity effect. The loca solution to the deformation
equations will be affected by the presence of the wdlbore. Typicdly, the deformation will be
gregter in its vicinity because the materid is less rigid there. Immediady indde the wellbore,
the efect of this difference is minimized due to the factor in 1) and in its neighborhood, the
effect is diminished due to the penetration distance of the cylindrica flow.
3) Eq. 5a is dightly nonlinear. On the other hand, it deds with tiny perturbations to the
pressure, density, and porogty. It may be linearized by retaining the effect of varying densty in
the source term driving the flow, but neglecting its contribution to the mass baance with respect
to influx due to flow. This agpproximation amounts to neglecting terms of order of the
perturbation squared (that is, (fp/1r)%is neglected in comparison to °p/Tr? and qp/1r).
Formdlly, this assumption corresponds to congdering r to be independent of r, but not of t, and k
to be independent of r. With this assumption, Eq. 5a can be written as
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akr 01 1 e fpg_ W(rf)
mgrfré Trg 1t

(5b)

4) The porous medium is homogeneous and of infinite extent. All reservoirs are bounded, but
often the extent is sufficient for the further regions to contribute little to the flow towards the
wellbore.  This agpproximation will be checked by an a posteriori esimate of the penetration
depth.

5) The linearity of the equations alows superpodtion. After linearization is performed, the now
liner sysem of equaions may be solved by superpodtion. This brings a powerful aray of
Fourier techniques™ to bear, which will prove to be both useful and insightful.

6) The motion of the solid phase is negligible. This approximation is vaid when the porosty is
low. At higher vdues of the porosty, the veocity of the fluid is modified by a congant factor
which is gpproximady 1 — f. The dendgty and porosty become coupled with the pressure
solution and the solution to the full equations of mation is required. The datic pressure will dso
be a solution to the full-coupled dadticity and flow equations that apply when the porous
medium is not stationary™*

rf) o (reo -

@ +N (rfv)—O (93)
er N- [I’ solid(l' f)\7] =0 (%)
£[v-v)=-Xqp (%)

m
L A
% 9 é‘ﬂx 20

+ﬁgz i _hg\l ( )( sol|d )gq3 (gd)

The above expressons are the equations of continuity for the fluid and solid and momentum
for the fluid and solid, respectively. The velodities of the fluid and solid are v and V, and the
bulk and shear dadicity ae z and h. The momentum equation for the solid is written in index
notation, where ds represents the unit vector in the z (gravitation) direction.

The solution to Eq. 5b for the region far from the well is called the dtetic pressure, p,; it varies

in time in phase with the oscillating astronomica gravity perturbations.  Although it appears
necessary to solve the full sysem of equations for both fluid and solid phases to obtan this
result, Bredehoeft'® noted that a substantid simplification may be made if the equations are
linearized in terms of the order of the pressure variation, O(Dp). In sysems of interedt, this
approximetion is valid, since the pressure varigtion due to earth tida forces is several orders of
magnitude smaler than the average pressure.  This dlows the fractiond change in volume due to
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the earth tide dilatation and the change due to the resulting pressure variation to be consdered
separately, and then simply added. Any error will be of the order O[Dp?). The totdl dilatation is
written as the sum of the tidd dilaaion and the pore volume change due to the pressure
vaiation.
Dtotal = Dearth + Dpressure (10)

One way of looking a this smplification is to note that the firg term on the right Sde
corresponds to the fractiond change in volume due to the deformation of the earth. This
deformation causes the fluid pressure in the pores to change. Since porosty is an increasng
function of pore pressure in a deformable media, a deformation will occur in response to the

earth tidal dilatation, but in the opposte direction. This dilatation, denoted by Dyressure, iS aSO
proportional to Dp. Of course, the increase in pore pressure aso changes the srain field within

the reservair, resulting in a correction to Dearth, but this correction is O(Dpz), and is, therefore,
neglected in the current andlysis of the problem. Each of the terms in Eq. 10 may be evduated in
turn to arrive at an expresson for the datic pressure far from the well.  Takeuchi obtained a
numericl solutiorf of the linear dastic equations in conjunction with a congiitutive model of the
eath. The reault is an expresson for the eath’'s volumetric dilatation as a function of the
astronomical gravity potentid,

Dearth:i (11)
0.49ag
where DV, is the contribution of the second spherica harmonic of the gravitationd potentid
expanded about the earth’s center and a is the radius of the earth. The factor of 0.49 arises from
the particular eagtic parameters (shear and bulk moduli) assigned to the earth’'s interior, as well
astherr radid variation.
Thetermin the left Sde of Eq. 10 isthe totd dilatation; it may be expressed as

D, =—— (12)

where V is the totd reservoir volume and DV is its change under the nfluence of the gravitationd
potentid. If the dilaaion of the solid mairix is negligible in comparison to the fluid filling the
pores, DV = DV;, the change in fluid volume. Here V and V; are the totd and fluid volume in the
resarvoir, respectively. Moreover, the porosity f =V, /V may beintroduced, giving

DV,
Dtotal = Vf f (13)

The change in fluid volume is directly related to the change in dengty by
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=. L (14)

where Dr isthe variaion in densty dueto DV,. Using Dr = (ir /9ip)Dp and Eg. 13 and 14,

D = -F = py (15)
r fp

From the definition of the fluid compressibility, co @/ r)r /1p) , EQ. 15 becomes

D, =-TDp (16)

total —

The last term, Dpressure, iN EQ. 10 is the response of the pore volume to changes in pressure. Even
when the matrix is conddered to be incompressible in comparison to the pore fluid, the pore

gpace itsHf is deformable, so the pore volume changes in response to the pressure.  This quantity
is related to the pore compressibility ¢, © (1/f )(f / Tp) by

IO | S
Dpressure =Df = ﬂ_p DD —pr Dp (17)

Substituting Egs. 11, 16, and 17 into Eq. 10 yields

IJ/Z

Srere— (18)
0.49f agc,

Dp =

where ¢, © c+c, is the formation compressibility. The tatic pressure far from the well ps, ps =

Po + Dp is not exactly a solution to Eqg. 5b, not even to O(Dp). The reason is that Eq. 5b is only
approximate when the porous media is undergoing compaction by means of a deformeation of the
pore $ace. This can be seen by subdtituting ps into Eq. 5b.  The left Sde is identicaly zero,
gnce ps is only a function of time. The right Sde is the derivative of the fluid mass per unit
volume. The fluid mass per unit volume, however, is not congtant, even though there is no net
flow. The reason is that there is a bulk motion of the fluid saturated porous medium into a given
volume upon compaction. It is clear that rf will increase when the reservoir is compacted and
vice varsa.  The deviation is only O(f), and since f is smdl in many cases, this can be ignored as
afirgt goproximation.

Although the datic pressure is an gpproximate solution of Eqg. 5b, it does not sdidfy the
boundary condition in Eq. 6. To saidfy this condition, a new candidate solution, the totd
pressure, denoted by p; is defined.

pi(r.t) = p(t) + p(r.t) (199)
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Here, p(r,t) is a spatidly varying perturbation pressure due to flow in the welbore. Note that p
satisfies Egs. Sband 7. Eq.6 should be modified according to the above definition.

Pwel = Ps(t) + p(Ru,t) (19D0)

It is ussful to firg write the sysem of equations in dimensonless form so tha the key
parameters of influence may be identified. This is done by replacing each of the dimensond
vaiables with its dimensonless counterpat. Characteristic values used  for this normdization
are

f, ° average porosity
p, ° average or basdline reservoir pressure

R, © wdlboreradius
T©° fundamentd excitaion period (= 2p/w) where w is the angular frequency. In this
work, T=12 hourd cycle

r, ° average or basdine dengty
The basdine pressure, which may be dightly different than the reservoir pressure is the pressure
when the astronomical potentid is at its basdine (or darting) vaue. The variables p, r, t, r, and
f may be replaced by ther dimensonless forms, which will be denoted by the same variables
with an overbar. For the purposes of solving Eg. 5b, its right Sde must be expressed in terms of
the totd pressure. Under genera conditions, this task is complicated by the fact that, when v
depends on P, (which is the case of interest), the full equations of motion, Egs. 9, are nonlinear.

For the specid Stuation of earthrtide induced reservoir pressure, however, the variations in
pressure are SO smal compared to the average that severad approximations may be made. This is
redized by means of a perturbation expresson. The dendty may be expanded as follows (in
dimengonlessform),

_ 1w, _ ’
r=1+—(p,- 1+O\Dp; 20
ﬂﬁ(p )+o(op?) (20)
From Egs. 19a and 20,
_ mw w _
r=1+—I(p.- 1)+— 21
m(ps ) ﬂﬁp (21)

where the squared terms have been omitted for brevity. Similarly, the porogity is given by,

F=1+] -9+ p

22
Tn o, )

Theright of Eq. 5b can be written as

@ = r_£+f_i (23)
i i i
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Combining Egs. 21-23, one obtains

(24)

From pore compressibility c, = po(llf_)(‘ﬂF/ﬂﬁ) and fluid compresshilityc = (1/7)(1r/9p,) ,
Eq. 24 istransformed into

ﬂ(r_f ): r—f_po(c+cp)£?+ r_f_po(c+cp)m—)_S (25)
It It
For the reason to be state next,
n\wf)_ -~ 1o
L 29

The above expresson applies only to the perturbation pressure, and not the Static pressure, since
the latter does not vary according to the derivatives tha define the fluid and pore
compressibilities.  For example, c, is podtive when incressng pressure causes incressng
porosity, but the compaction process that causes dtatic pressure variation is in the opposte
direction, i.e. increasing pressure follows decreasing porosity.

Eg. 5b in dimensonless form for the perturbation pressure p(r,t) when combined with Eg.
2b, may be written as,

21 Tepo_Tp
-2 & 1po_ 1P 27
P Ty T @
where
x* = (2pf ,R? ne, /(TK)) (282)

x? is the Fourier number, which is a ratio between capacity and amount of fluid transferred in a
period. This number is traditiondly associated with trangent heat trandfer systems for which it is
the ratio between the heat capacity of a materid and the heat transferred by conduction within
one characterigtic time period. For the fluid flow problem, the Fourier number plays the same
role, but this time for mass, rather than heat trandfer. This can be seen by rewriting the
expression for the dimengonless parameter asfollows.

pRZC, rDp

x? =
P D

(28b)

r —
rTﬁO Rl
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The numerator is recognized to be the increase in the amount of mass in a circular region due to
an increase in pressure, and the denominator is the amount transferred by flow for one period, T.

It is naturd, since the system of equations is linear, and the driving force (imposed byp,) is
near-periodic, to seek a solution based on a single pure spectra component.  Harmonics of this
sngle frequency component will not be generated since the equetion is linear. Only p or its
derivatives gppear (differentiation does not change the frequency of the signd), and there are no
product terms.  Although this principle is true in generd, it will become evident in this specid
cae. Once the solution is obtained a a sngle frequency, it can be generdized to any forcing
function by means of a Fourier decompostion of the forcing function and an application of the
principle of superposition. Thetria form for the perturbation pressureis

p(r.T) = P(N)e™". (29)
with the understanding that the red or imaginary part will be extracted to obtain the physicad

solution.  The gpproach has been used in the well test andysis in terms of p(F,t) with cydic
boundary conditions™®. The boundary conditionsin Egs. 6 and 7 become

PLE) = Poer (D) - PO (30)
p(¥,t)=0 (31

Subdtituting Eq. 29 into Eq. 27 yidds,

2
AP+ 9P ixerep =0 32)

r—2
dr? dr

The solutions of Eg. 33 ae Kevin functions'’, which are andytic continuations of Bessd
functions into the complex plane.

P(r) = Alker(x7) +ikei (x7)] + Bloer(xr) + ibei (x7)] (33)

Here, A and B are condants of integration that are determined by applying the boundary
conditions, Egs. 30 and 31. Applying the boundary condition given by Eq. 31 provides B = 0.
The full expression for the perturbation pressure is, therefore,

p(F,T) = Alker (XT) + ikei (x7)] €*" (34)

Thered or imaginary part of Eq. 34 would be extracted to form the fina physica solution.

The remaining boundary condition, Eq. 30, is used to determine A and therefore, specify the
full solution. This condition is goplied by congdering mass baance within the welbore. The
mass flux into the welbore from the reservoir must equd the accumulation within the welbore.
In dimensond form,
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- 2prhr g :%(pa?rH) . (35

where h is the peforation thickness, and H is the height of the fluid column in the wellbore. The
— dgn aises from the convention tha the flow rate is podtive when it is in the direction of the
unit radid vector. Theradid flux, g, may be obtained from the pressure viaDarcy’s Law:

k
g =- 1R (36)
m ﬂr r=Ry

Usng 1Ir /9r = (Tr /91R)(TIp, / t) = re(fip, / Mit) , Eq. 35 becomes

ok

- RlHC ﬂpwell (37)
m9r

r=Ry ﬂt

Rendering the above equation dimensionless gives,

¢
"

- Xza 1T_well

Pyl T

(38)

Since (1, /1) = (p/1r) , Eq. 38 can be written as

2p*{ pwel | (39)

Note that another dimens onless parameter

cH
2f,c.h

o

(40)

has gppeared. This parameter represents the storativity of the wellbore as compared to the rest of
the reservoir.  In other words, a given volume of the wdlbore will increase its mass if the
pressure increases.  Likewise, a volume of the porous media will increase in fluid content with an
increase in pressure.  The parameter a is the ratio of these two amounts for a fixed pressure
increment.

Let uswrite the following expression for the Satic pressure,

ps (t) = po + pso Qn Za_ (41)

The above equation in dimensonlessform is

P, (t) =1+ P, sn 2pt (42)
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Alterndively, Eq. 42 can be written as

P. (t) =1+1m[ p,,e”] (43)
where the symbol Im denotes the imaginary pat of exp(2@t). In this work, the imaginary part of
the exponentid term will be extracted to obtain the physicd solution. Note that once the solution
is obtained a a sngle frequencyw, it can be generdized to any forcing function by means of a

Fourier decompostion of the forcing function and the application of the principle of
superposition, as was stated earlier. From Egs. 30, 34, and 43

Poai(t) = 1+ 1M P, + Aker x + ikei x)] €2 (44)
Combining Egs. 34, 39, and 44, one obtains
Aker6 +ikeit]e®" = xai[p,, + A(kerx +ikeix)]e" (45)
The pressure at the wellbore can be written as
Puen (1) =1+ bp,,Sn( 2pt +d) (46)

where b is the amplitude factor and d is the dimengonless time lag. Note that Eq. 46 has the
same form as Eq. 42 with the exception of amplitude factor and phase lag. The main god of this
work is to derive expressions for b and d. In the following, these two expressons are provided
(details are given in Appendix A).

d = arctan Akex + A kerx (47)
P, + A kerx - Akeix
and
b=—{p, +Akerx- Akeix] +[Akex + Akerx} 48)
where A and A arethered and imaginary part of A given by
A= xap,[axkerx - keit] (49)
[axkerx - kei®]® +[axkeix + ker&]?
and
A= xap, [axkei x + ker] (50)

" [axkerx - kei&]? +[axkeix + ker&]?
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In addition to Egs. 47 and 48, we dso use the expresson for the datic pressure in the following
form,

DV, |h
— (51)
0.49agp,cH

The above equation is obtained from Eqgs. 18 and 40, Dp = p, - p,, ad the vaue of |ov,| a
peak of V, which corresponds to sn2pt =1. Note that in Eq. 51 p,, is only rdated to a
because the coefficient terms including fluid compressibility are known. The unknowns are c,,

mobility 1 (I =k/m, and p,,. There ae dso three equations to solve for these three
unknowns.

One may provide X, a, and |DV,|. Then P, is estimated from Eq. 51 followed by the

solution of Egs. 47 and 48 for d and b. As aresult, the well pressure P, IS determined. For
the evauation of pressure test data, the inverse problem is of interest. In other words, given
|ov,|, the phase lag d and the observed amplitude bp,,, it is desred to esimate the mohility

(k /), the totd compressibility, and the amplitude of p,. The solution of nonlinear Egs. 47,
48, and B-6 (Appendix B) provides these parameters. The parameters A and A for the inverse
problem should be obtained from Egs. B-2 and B-5 in Appendix B.

Radius of Investigation

It is of interest to edimate the influence of the permesbility on fluid flux as a function of
disance from the wellbore. Regions further from the wellbore are expected to exert less
influence in determining the perturbation observed to the satic pressure

One may edimae the radius of influence by computing the maximum flow rate over time a
different digances from the welbore The maximum flow rae is obtaned by taking the
derivative with respect to time and sdtting it to zero. Note that this dso provides the minimum,
but snce only the absolute magnitude of this quantity is important, this is the same as the
maximum if snusoida excitations are consdered. The expresson for the magnitude of the flux

IS
_axqTm_ak gt
ol Frger i 2

From Egs. 34 and 52,

af =l Akerba)+ Akatoe)sn 2t
+(A ker®x) + Akeidx))cos 2 Ix (53)
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Note that only the radidly dependent perturbation pressure appears, since the datic pressure is
only a function of time. Computing the derivative of Eg. 53 with respect to time t and setting it
equd to zero gives

fziarctan' AkaW)+Aqu) (54)
20+ A ker®d) + Akeidx)

Eq. 54 may be evaduated by using the vaue of A obtained as a function of a and x. The vaue of
t a which the maximum flow occurs may then be subdtituted into Eg. 53, giving the maximum
flow rate over time asafunction of 1.

Results

Fig. 4 shows the phase lag and amplitude factor as a function of xfor a = 200; the phase lag is
not appreciable bedow x =0.01. The amplitude factor is dso close to one for x <0.01. At
X =0.1, there is a gppreciable increase of phase lag from the vadue a x =0.01. The amplitude
factor decreases dradticdly for x =0.1 and for x >0.1. Approximate vaues for x and a for

the two fidld examples (Figures 1 and 2) are of the order of 10° and 100, respectively. With
these parameters, a large phase cannot be expected (exact basic data for the caculation of x and
a ae not avalable for the two reservoirs). Because the data in Fig. 1 show a phase lag of 12
hours, one should investigate other factors including surface temperature fluctuations.

Figure 5 shows the phase lag and amplitude factor for a =5000. A trend amilar to that in Fig.
4 isobserved.

Fig. 6 shows the maximum flow rate vs. dimensonless digance ¥ from the welbore. The
maximum flow rae is made dimendonless by dividing it by the maximum flow rae a  =1.
Note that the radius of investigation issmall — of the order of severd wellbore radius.

Conduding Remarks

We have formulated and solved for the flow in a reservoir around the wellbore due to the
gravitetiond potentid varigtion. The formulation may dlow the edimation of permesbility by
varying the production interva in awell.

In order to examine the proposed modd, there is need to have data with perforation interva
known. These data are not currently avalable to us. We are planning to seek such data from the
industry.

There is the posshbility that surface temperature variation affects the pressure variaion due to
extreme sendtivity of therma expanson on temperature. Because of the phase lag between the
gravitational potentid variation and the surface temperature variations, it is likely that the phase
lag in the wellbore pressure is affected by surfaced temperature variation. We are currently
Sudying this effect.
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Appendix A — Derivation of ParamtersA, and A; in Direct Solution

Egs. 47 and 48 are used to calculate the phase lag d, and the amplitude factor b. For that
purpose, A can be separated into its red and imaginary parts, A and A, respectively; thet is,
A=A +iA. We teke the imaginary pat from Eq. 45 &fter subgtituting the expression for
e®" = cos2pf +isnpl . Then equate the coefficients of the cosine and sine termsto obtain

xa[ P, + A kerx - Akeix] = Akeik + Akertk (A-1)

121



xa[ Akeix + Akerx] = - A kerk + Akeitk (A-2)

, respectively.
The solution to the above two equations provides A, and A given by Egs. 49 and 50in

the text.
From Egs. 44 and 46 of the text, Eqs. 47 and 48 are derived.

Appendix B — Derivation of ParametersA; and A; in the Rever se Solution
Wewill firg derive the expresson for a. From Eq. A-2 ,

o= _Akeik- A ker

i (B-1)
X[Akeix + Akerx]
From Egs. 44 and 46,
_ Polkerx(bcosd - 1) + keixdnd]
= SO B_2
A ker?x + kei (B-2)
P [bkerxand +keix(cosd +1
A - pso[ - ‘2( )] (B-B)
ker?x + kei“x
Subdtituting Egs. B-2 and B-3 into Eq. B-1, one obtains
a= dn d(kerxkei® - keix ker®) + ((1/b) - cosd)(kei xkeit + kerx ker &) (B-4)
xsn d(ker?x + kei’x)
From Egs. 51 and B-4,
P, (0.29agcHp,)
- hDV,|
_sind(kerxkei& - keix ker®&) +((1/b) - cosd)(keixkei & +kerx ker&) (B-5)

x snd (ker®x + kei’x)
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Figure 2. Observations of thewellbore pressurein the Colombian field. Notethe
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Figure 3. Problem domain: radial axisymmetric system centered about the
wellbore with radiusR;. Theregion outside the wellboreisfilled with a
dilatating porous medium with porogty f and per meability k.
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Chapter Il - Diffusion in Porous Media from Irreversible

Thermod ynamics

Part I- TWO-PHASE MULTICOMPONENT DIFFUSION AND CONVECTION

FOR RESERVOIR INITIALIZATION

KASSEM GHORAYEB AND ABBAS FIROOZABADI

Abstract

Initialization of composition, pressure, and fluid distribution is an important element in the
numerical simulation of hydrocarbon reservoirs. Currently, initialization is not based on a sound
theory.

Hydrocarbon reservoirs in general are not in an equilibrium state mainly because of the
geothermal temperature gradient. Temperature gradient produces entropy and, therefore, the
criterion of equilibrium cannot be invoked to initialize composition, fluid phase distribution,
and pressure. If there exists a gas-oil contact (GOC), one may assume equilibrium only at the
interface between gas and oil phases. The gas cap and the oil leg are not in equilibrium.

In this paper, we first present the formulation of the two-phase multicomponent diffusion
and convection in porous media. Thermal, pressure, and molecular diffusion are included in the
diffusion expression from thermodynamics of irreversible processes. In the recent past, we have
worked on a single-phase model of the same problem. The two-phase problem is considerably

more complicated, and has not been formulated in the literature to the best of our knowledge.
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A model based on the above formulation is used to perform calculations for initialization in
two-dimensional cross sections. Numerical examples for a binary mixture of C;/Cs with natural
convection and diffusion in the two-phases are presented. Results show a pronounced effect of
natural convection on species distribution and the location of the GOC. Results also show that
two main counter-rotating cells develop at steady state— one cell in the gas region and another

one in the oil region.

Intr oduction

Proper initialization is an important aspect of reliable reservoir simulations. The use of the Gibbs
segregation condition generally cannot provide reliable initialization in hydrocarbon reservoirs.
This is due, in part, to the effect of thermal diffusion (caused by the geothermal temperature
gradient) which cannot be neglected in most cases; thermal diffusion might be the main phe-
nomenon affecting compositional variation in hydrocarbon reservoirs especially for near-critical
gas-condensate reservoirs.! On the other hand, the horizontal temperature gradient (which can
be significant in some hydrocarbon reservoirs) causes natural convection which might have a sig-
nificant effect on species distribution.? The combined effects of diffusion (pressure, thermal and
molecular) and natural convection on compositional variation in multicomponent mixtures in
porous media have been recently investigated for single-phase systems.>* The results from Refs.
3 and 4 show the importance of natural convection which, in some cases, overrides diffusion and
results in a uniform composition.

Ref. 1 provides a robust model for convection-free compositional variation accounting for
pressure, thermal and molecular diffusion in two-phase hydrocarbon reservoirs. The combined

effects of convection and diffusion in two-phase hydrocarbon reservoirs has not yet, however,
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been studied to the best of our knowledge. In this work, we present the mathematical model for
convection and diffusion in two-phase multicomponent mixtures. We then discuss results for a
binary mixture of Cy/Cs. The work on multicomponent mixtures is currently in progress and

will be reported later.

Mathematical Form ulation

The mass conservation for component 7 in a two-phase, n-components mixture in an arbitrary

volume V reads:

%/V//gbgsjcjidV: /V//q,-dv, i=1, . m, (1)

where S;, ¢ji, ¢; and ¢ are the saturation of phase j, the molar density of component ¢ in phase
j, the molar production rate per unit volume of component %, and the porosity, respectively. The
left and right terms of the above expression represent the rate of change of component ¢ in the
system and the total production rate of component 7, respectively; 7 = 1 and 2 denote the vapor
(gas) and liquid (oil) phases, respectively. Assuming a time-independent porosity, Eq. 1 can be

written as
2

/// [¢% > (Sicii) + ¢V zi; (Sjcjivis) — qi| dV

i=1

=0, i=1, ..., n, (2)

where vj; is the velocity of component ¢ in phase j. Let n; = Z?Zl (Sjcjivji); n; is the total

molar flux of component 7. The bulk velocity, v;, of phase j is defined as

Sjcjivji = CjiVj-f-Siji, 1= 1, ey N, (3)
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where J;; is the molar diffusive flux (molecular, pressure, and thermal) based on the molar average

velocity of component ¢ in phase j; n; can be, thus, written as

n

= Z (cjivi+Sdz), i=1, ., n, (4)
j=1

From Egs. 2 and 4, the local form of the mass conservation of component ¢ reads

2

d
¢at2(s i) + ¢V. Z (c;ivji + S;d0) — g
7j=1 7j=1

=0. i=1, ..., n. (5)
In terms of the mole fraction, x;;, of component ¢ in phase j, Eq. 5 can be written as
5 2
(bat Z (Sjcjzji) + V. Z cjx;iv; + S;d;i)

— g
Jj=1 j=1

where c; is the molar density of phase j. By summing Eqgs. 6 for i =1, ..., n, and using

i =1, j=1,2
=1

the total mass conservation expression is given by:

5 2
gﬁaz (Sjc)) +¢>VZ ¢jvj)—q = 0,
j=1 j=1

where ¢ is the total molar production rate (¢ =Y., ¢)
The bulk velocity of phase j, v;, is given by Darcy’s law:
T

=2 (Vp+pigz), j=1, 2
J ¢,Ll,] J

(9)
where p, g, k, k7, p1;, and p; are the pressure, the acceleration due to gravity, the permeability,

the relative permeability of phase j, the viscosity of phase j, and the mass density of phase j,
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respectively. Note that Eq. 9 is valid when capillary pressure is neglected. The total molar

density ¢ can be expressed by:

(Sj¢4) » (10)

2
=1

J

Using Egs. 9 and 10, Egs. 6 and 8 can be written as

2
ckkasZ
- V. E A il (Vp+ pigz) +
iz

1

VY Sidi=q, i=1, ., n, (11)
7j=1
and
dc 2. cikE!
== V> L (Vp+pgn) = g (12)
=1 FI

respectively. In Eq. 11, z; is the overall composition of component i; cz; = Z?Zl Sjcjxji. The
term V-Z§:1 S;J ;i represents the contribution of diffusion to the mass transfer in a multi-
component mixture. It is often neglected in the numerical simulation of production processes
(forced convection). However, the diffusion flux can be the key transport process in reservoir
initialization.

The local equilibrium condition implies the equality of the fugacities of each component in

the two phases:

flz' (T,p, L1ty ey -Tl(n—l)) =

f2i (T:pa T22, -"axQ(n—l)) =1, .y on, (13)

The following saturation constraint completes the problem formulation given by Eqs. 11, 12, and
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This equation can be written as:

1—
1—0[3%— a} =0, (15)
C1 Co

where « is the mole fraction of phase 1.

The above formulation applies for the general case of a three-dimensional domain. In this
paper, we focus on a 2D vertical rectangular porous medium of width b and hight A (Fig. 1).
We assume that the temperature varies linearly in both horizontal and vertical directions, that
is, T' = Tyx + T,z + a, where T}, and T, are the temperature gradients in the horizontal and
vertical directions, respectively. If we set the temperature at © = zy and z = 2y equal to Ty,

then, T'=T, (x — xo) + T, (z — 20) + To-

Boundary /Initial Conditions. Appropriate boundary and initial conditions are required to
complete the two-phase multicomponent formulation. The cross section is assumed to be bounded

by an impervious rock so that the total mass flux for all the components vanish at the boundaries:

n
Z (ijjivj + S]Jﬂ) .n= O, 1= 1, ey Ny

j=1

=0, b, and, z =0, h. (16)
where n is the normal vector. Eq. 16 provides the boundary conditions necessary to integrate
the total mass conservation equation (Eq. 11). Because Y ;. ;J;; = 0,7 = 1, 2, one obtains the

following boundary condition necessary to integrate Eq. 12:

chvj.n =0, 2z=0, b, and, 2 =0, h, (17)

=1

Various initial conditions can be used in the above formulation. One can start, for instance,
with a constant overall composition (either in single-phase or in two-phase) and constant pres-
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sure in the entire 2D cross-section. One can also use a specified composition and pressure at a
single point to obtain the convection-free (that is zero permeability) composition and pressure
distribution using the model presented in Ref. 1 (a summary of the model is provided in Ap-
pendix). Once the convection-free field is obtained, one can investigate the effect of convection on
the phase composition and the GOC location and, therefore, obtain an initial state for reservoir
simulation taking into account both diffusion and natural convection. The example presented in

this paper uses the latter approach for setting the initial conditions .

Diffusion Flux. The expression for diffusion flux of component i, : =1, ...,n — 1, in phase j,

j =1, 2is given by:
J; = —¢ (D{".Vx+D{VT +DJVP). (18)

where D}VI = [Djzk]; DT = [D;l;], DP = [D]Iﬂ, and Vx = [ijz] DM DT

; ; Yo DJ;, and Df are
the molecular diffusion coefficients, the thermal diffusion coefficients, and the pressure diffusion
coefficients, respectively. Details of the diffusion coefficients are provided in Refs. 5 and 6. The
above diffusion coefficients are, in general, different for gas and liquid phases. In this work,
we assume that the diffusion coefficients of a given phase depend only of the thermophysical

properties of that phase; it is as if the phase was alone. Note that at steady state, there is a

complete phase segregation (with no capillary pressure).

Method of Solution
The above 2n + 1 equations: Egs. 11 through 14 (15), with 2n + 1 unknowns: p, ¢, «,
ziy =1, ..., n—1, and x5, ¢ = 1, ..., n — 1, and the corresponding initial and boundary
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conditions, govern the multicomponent two-phase flow in porous media. The molar produc-
tion rate, ¢, is accounted for by considering it as a source (sink) in the appropriate meshes
(corresponding to the perforation interval). These equations are solved following Young and
Stephenson” with some differences. In our work, the updated values of & and z1;,7 =1, ..., n—1
are calculated directly from the flash instead of calculating them using the appropriate linearized
equations after calculating the pressure increment in a Newton iteration as described by Young
and Stephenson. Phase recognition which is an important part of the simulation is performed by
a systematic decrease (or increase) of pressure to establish the saturation pressure. Phase equi-
librium calculations are performed using a combination of the successive substitution method
and the Newton method. The diffusion term V. Z§:1 S;Jji in Eq. 11 is accounted for explic-
itly in order to conserve the pentadiagonal structure of the matrix for inversion in each Newton
iteration for pressure calculations.

The pressure and concentration gradients are discontinuous at a two-phase interface. For
this reason, matching boundary conditions are required at the interface (based on the continuity
of the diffusive and convective mass fluxes and pressure, and the thermodynamic equilibrium
condition at the interface). In this study we do not fulfill this condition; we attenuate it with
appropriate upstream weighting which may affect the accuracy of results in a narrow region near
the interface.

A sound numerical technique for the solution of a moving interface problems with pure compo-
nents is a moving grid and matching grid boundaries at the interface.® This technique requires a
new grid to be defined at each computational step which is very expensive and even not practical

for large scale two-phase natural convection in multicomponent mixtures.
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Example: Binary Mixture

Let us consider a 2D vertical rectangular porous medium of width 1000m and height 200m
saturated with a binary mixture of C;/C3. The vertical and horizontal temperature gradients are
—3K/100m and 1.5K/km, respectively. We have performed calculations for three permeabilities:
k =0.01, 0.1, and 1 md. The Peng-Robinson equation of state’ is used to calculate the density.
The porosity is set to 20% and the viscosity is calculated using the correlation of Lohrentz et al..'°
The purpose of the calculations is to investigate the combined effect of diffusion and convection on
compositional variation and GOC location for the binary mixture. We neglect thermal diffusion
in this example to focus on the study of the unsteady two-phase convective flow with molecular
and pressure diffusion.

The gridding considered in this example is 101 x 41; the time step varies with permeability; it
is of the order of 107 days for £ = 0.01 md. At time step m we perform flash calculations for the
mesh points that are in the two phase region at time step m — 1 as well as the neighboring mesh
points. This drastically reduces the computational cost. Furthermore, the phase recognition
is performed only at the first time step. If the mixture at a mesh point is in single-phase at
time step m — 1 and remains single-phase at time step m, we assume that no phase change has
occurred during this step for that mesh point. If the mixture is in single-phase at time step m
while it was two-phase at time step m — 1 with higher gas (liquid) saturation; the mixture is,
thus, gas (liquid) at time step m. This procedure was extensively tested (in our example) by
comparing the results with those obtained with flash calculation and phase recognition for all
the mesh points at each time step in the entire domain.

The initial condition for this example is selected to be the convection-free state which is

obtained using the model described in Ref. 1. The convection-free solution is obtained based on
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a reference point (located at the center of the cavity: x = 500m, z = 100m). At the reference
point, the composition, temperature and pressure are set at: 20%C4/80%C3, T = 346K, and
p = 57.5 bar (slightly above the bubblepoint pressure, see Fig. 2). The reason for the choice of
the pressure close to the bubblepoint pressure is to allow for the GOC to be near z = 100m for
2 = 500m (the middle of the cavity).

The calculations are first performed for £ = 0.01 md. The results for £ = 0.01 md at steady
state are used to perform the calculation for £ = 0.1 md. A similar procedure is used for £k = 1
md. The steady state is considered to be reached when the difference of compositions in any
point of the cavity does not change from one time step to another within a given tolerance. Fig.
3 presents the methane composition vs. time at z = 100m, z = 50m for £ = 0.01, £ = 0.1 and
k =1 md showing the evolution of the steady state.

Fig. 4 shows liquid saturation plots for different permeabilities at steady state. Note that,
due to the horizontal temperature gradient, the GOC is not horizontal for the convection-free
case; the gas leg is thicker near the hot vertical wall (left side) of the cavity. Results from this
example show that natural convection has an important effect on the GOC. A small amount
of convection (for £ = 0.01 md) affects significantly the GOC location. Due to convection, the
GOC is almost horizontal at £ = 0.01 md. This is clearly shown in Fig. 5 where one observes
that the 15m-difference between the GOC location in the left and right sides has disappeared
due to natural convection. However, there is no further effect when the permeability increases
from 0.01 to 1 md.

Figs. 6 and 7 show the methane mole fraction vs. depth for different permeabilities at two
different sections: x = 100 m (near the cold side) and z = 500 m (the middle of the cavity).

As shown in Fig. 6, the liquid leg is thicker for the convection-free case; it becomes almost
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constant in the entire 2D section with a small amount of convection. However, composition is
not significantly affected by natural convection as shown in Figs. 6 and 7.

Fig. 8 shows the velocity contours at steady state. There two main counter-rotating cells
in the liquid and gas regions as shown in Fig. 8. Note that for k=0.01 md, there are two cells
in the main cell in the gas region. Fig. 9 depicts in more detail the horizontal velocity of both
phases vs. depth at x = 500m for different permeabilities. There is an increase of velocity as the
permeability increases. For all three permeabilities, the horizontal velocity increases in the gas

phase is greater than the horizontal velocity in the liquid phase as expected.

Discussion and Conclusions

A model for two-phase multicomponent diffusion and convection in porous media is presented.
Results for the binary mixture of Cy/C3 show the importance of natural convection on the GOC
in a non-isothermal medium with no thermal diffusion. Due to natural convection, the GOC is
almost horizontal in the entire 2D cross-section. A weak natural convection (that is the case
with £ = 0.01 md) has an important effect on the phase distribution. Results also show that two
main rotating cells develop— one in the gas region and the other in the oil region.

In the example presented in the paper, the thermal diffusion effect in excluded. Thermal
diffusion is likely to have a significant effect on GOC, especially when the critical region is
approached. The effect of thermal diffusion, and field examples are being studied. The results
will be presented in the future.

We believe the model presented in this paper will set the stage for the proper initialization

of hydrocarbon reservoirs where the non-equilibrium effects are often important.
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Nomenc lature

b = reservoir width, m

¢j; = molar density of component i in phase j, mole/m?
¢; = molar density of phase j, mole/m?

¢ = total molar density, mole/m?3

DM = molecular diffusion coefficient, m?/s

D? = pressure diffusion coefficient, m?/s.Pa
DI = thermal diffusion coefficient,m?/s. K

J; = molar diffusive flux of component %

f;i = fugacity of component 7 in phase j, Pa
h = reservoir hight, m

g = acceleration of gravity, m/s?

k= permeability, m?

ki = relative permeability of phase j

n = number of components

n = normal vector

p = pressure, Pa

¢; = molar production rate of component 7, mole/s
¢; = total molar production rate, mole/s

S; = saturation of phase j

T = temperature, K

x,z = coordinates,
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zj = mole fraction of component 7 in phase j, dimensionless

vj; = velocity of component 7 in phase j, m/s
v; = bulk velocity of phase j, m/s

¢ = porosity

pj = viscosity of phase j, kg/m.s

p; = mass density of phase j, kg/m?
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Appendix — Convection-Free Model

We restrict the following presentation to phase j and omit the subscript j for the sake of clarity.

The molar diffusion flux based on the molar average velocity, J = (fl, . J_;L,l) in a non-ideal

fluid mixture of n components reads:®

J = —c(DM.Vvx+D™.VT +D".VP). (A-1)
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Detailed expressions for the above coefficients are provided in Ref. 5. Eq. A-1 can also be written

as®

Mn n
J = —¢ (D.M.L.W.F.Vx—|— R:/i DM.L.Q VT

+D.M.L.V Vp), (A-2)

where L = [L;;] is the matrix of the phenomenological coefficients. The symbols in Eq. A-2 are

defined by:
RL;
D = [D;] LM~M&:-$ ,]} ihj=1, ., n—1,
Oln f;
P o= [p]= |20 ij=1, .., n—1,
Ox; x;,T,P
M = [M,J]:[L%(SU] ,j=1, .., n—1,
= [VVZ]_[ — J:| 1,7 =1, , n—1
J Mj

In the above expressions, R, f; and d;; denote the universal gas constant, the fugactiy of compo-
nent ¢, and the Kronecker delta, respectively; the subscript x; is defined by (21, ..., Z;_1, Zj11, ..o, Tn_1)-

The column vector Q is given by

o 144

Q? is the net heat of transport of component i given by®

Vi
Z?:l 2V
i=1, ..., n, (A-3)

AU;
+

Ti

Qo = -

i $jAUj

-
=1

where AU; is the partial molar internal energy departure of component i and 7; = AU;* /AUY®;

AU;™” and AUY* are the energy of vaporization and the energy of viscous flow of pure component
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i, respectively. AUj is calculated using the PR-EOS?; the value of 7; used in this work is fixed
equal to 4 based on a previous study by Shukla and Firoozabadi.!’ At steady state, the diffusion

flux vanishes; Eq. A-2 then reduces to

M'I’l n
W.F.Vx + RJTQ QVI+V VP = 0. (A-4)

At isothermal conditions, Eq. A-4 reads

WFEVx+V VP = 0 (A-5)

which provides the condition for thermodynamic equilibrium in an isothermal n components
mixture. Eq. A-4 is integrated using a forward first-order finite difference scheme to calculate

composition and pressure in the entire column.!
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Chapter Il - Diffusion in Porous Media from Irreversible

Thermod ynamics

Part Il- Interpretation of the Unusual Fluid Distrib ution in the Yufutsu

Gas-Condensate Field

KASSEM GHORAYEB, ABBAS FIROOZABADI AND TOSHIYUKI ANRAKU

Summary

It is generally believed that at steady state, a heavy fluid mixture cannot float, without motion,
at the top of a light fluid mixture in a cavity. The expectation is that due to pressure diffusion,
segregation occurs with the light fluid at the top and the heavy fluid at the bottom. We present,
for the first time, an extensive set of measurements in 5-km vertical tubes in the earth’s subsurface
and in a large hydrocarbon formation of 1-km thickness with horizontal dimensions of the order
of several kilometers, which show a high-density fluid mixture at the top of a light-density fluid
mixture at steady state. The data in the 5-km tubes show liquid in the middle, and gas at the top
and bottom. In the hydrocarbon formation, there is a gradual decrease of density with depth.
A theoretical model based on the thermodynamics of irreversible processes is used to provide
an interpretation of the unusual density variation vs. depth both in the hydrocarbon formation
and in the long tubes, as well as the unusual species distribution in the hydrocarbon formation.
The results reveal that thermal diffusion (due to geothermal temperature gradient) causes the

segregation of heavy components in the subsurface fluid mixture to the cold side in the earth (that
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is, the top), overriding pressure and molecular diffusion (Fickian diffusion). As a consequence
of the competition of these three diffusion effects, a heavy fluid-mixture can float at the top
with a light fluid-mixture underneath. In the past, thermal diffusion has been thought of as a
second-order effect. For the fluid mixture in our work, thermal diffusion is the main phenomenon

affecting the spatial density and species distribution.

Intr oduction

Hydrocarbon formations are large porous media saturated with hydrocarbon fluid mixtures in
the earth’s subsurface with a thickness of as much as 1 km or more, and horizontal dimensions
in the order of kilometers or more. In these formations, denser fluid mixture is at the bottom
and lighter fluid mixture is at the top. The species distribution follows density distribution;
methane, which is usually the main component and often the smallest molecule of the fluid
mixture, is more concentrated at the top while large molecules are more concentrated at the
bottom. These variations are commonplace despite the geothermal temperature gradient in the
earth.

The variation of species and density in an isothermal medium can be described by invoking
the Gibbs criterion of thermodynamic equilibrium! in the gravity field for an n components fluid

mixture, which leads to the following differential equation:?

(dui _ ) iz, (1)
dz T

In the above equation, the chemical potential of component 7, yu;, is a function of composition

and pressure; it varies with vertical position, z (z is chosen to be positive downwards in Eq. 1).

Other symbols in Eq. 1 are: M;, the molecular weight of component 7, and ¢, the gravitational
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acceleration. Given composition and pressure at a reference point in the z-direction, Eq. 1 can
be used to calculate the variation of composition and pressure as a function of depth (z) or height
(—=).

Various authors have used the above equation to investigate the distribution of species in un-
derground hydrocarbon formations.®* In such calculations, the fluid density increases with depth.
The concentration of the smallest molecular weight component, that is, methane, decreases with
depth and that of heavy species increases with depth. Abundant data from hydrocarbon forma-
tions from different parts of the world (both onshore and offshore) are in qualitative agreement
with predictions from Eq. 1.3°~7 The general consensus among geoscientists and especially
petroleum engineers is that there is always gas at the top and oil at the bottom whenever there
is more than one phase. Results from Eq. 1 are also in support of phase segregation.

We have recently conducted an extensive set of pressure, composition , and temperature
measurements in a large gas field in Japan in order to investigate its unusual fluid distribution.
Data in several 5-km deep vertical tubes (that is, wells) which extend from the earth surface
to a depth of 5 km, and in the 1-km thick formation are measured. The data from the tubes
show that there exists a motionless liquid in the middle with lighter gas at the top and the
bottom of the tube. This is the first report of such an observation in geoscience and petroleum
engineering literature to the best of our knowledge. Careful measurements in the hydrocarbon
formation show that: 1) methane concentration increases with depth, 2) the concentration of
heavy species which are grouped as heptane-plus (heptane and heavier species) decreases with
depth, and 3) the fluid density decreases with depth. These are also first reports of their kind in
the literature to the best of our knowledge. Previously, Temeng et al.® reported a heptane-plus

decrease with depth in a hydrocarbon formation in Saudi Arabia without conclusive evidence.
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Our measurements both in the formation and in the tubes (which are connected), confirm the
existence of a dense fluid mixture floating on the top of a light fluid mixture.
In this article, we first present the measured data in detail, and then use a model based on

the irreversible thermodynamics to interpret the fascinating trends in the data.

Measured Data

We conducted extensive measurements in the naturally-fractured Yufutsu field, which is located
in Hokkaido, Japan. The hydrocarbon formation is comprised of granite (age = 100-120 Ma) and
conglomerate (age = 37-50 Ma) with negligible permeability and porosity; it has approximate
horizontal dimensions of 4 km x 8 km with a maximum thickness of 1 km. The top of the
formation is at 3800-m sbu-sea level (SSL) from the earth surface. The pressure at 4500-mSSL
prior to producing hydrocarbons from the formation was 550 bar. Production of hydrocarbons
began in February 1996. The temperature at 4500-mSSL is around 423 K. There is a horizontal
temperature gradient of about 0.5 K/km in the formation. The vertical temperature gradient
in the formation is about 2 K/100m and in the tubes is approximatively equal to 2.5 K/100m.
Measured data from fluid samples in various locations in the formation establish that the fluid
is a near-critical gas in single phase state. Gas is defined as the fluid with temperature greater
than the critical temperature.

A total of twelve wells have been drilled into the Yufutsu field. Various measurements from the
wells establish good communication in the formation. Pressure interference testing between the
wells establishes that all the wells have good communication with each other; the interference

testing thus reveals horizontal communication in the formation. Tracer testing within each
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well by injection of tracer from the top and tracer detection from the bottom reveals good
vertical communication. In addition to pressure interference testing, and tracer testing, the
initial formation pressure from all the wells provides the evidence of good communication in the
entire formation.

In the Yufutsu field, only one well has been used for fluid production. Several wells are
used as observation wells; there is no continuous fluid production from the observation wells
except for short duration for testing purposes. These wells provide the opportunity for pressure
measurement. Figure 1 shows a schematic of a well and the formation. Figure 2 shows the
measured data in four different wells located in different parts of the field (see Fig. 3 for well
locations). Figure 2-a shows measured pressure in the wells. Pressure is measured within the
continuous hydrocarbon column inside the well tubing. The data show a high pressure gradient
in the middle at a depth of around 2500 m. Using the pressure data, one can use the simple
hydrostatic pressure expression dp = pgdz to calculate density when there is no convection,
where p and p are pressure and density, respectively. We will later discuss the fact that natural
convection is negligible in the formation and in the shut-in wells at steady state. Figure 2-
b depicts the density data. At the bottom of the tube, the density is around 400 kg/m?3; it
gradually increases to over 500 kg/m? in the middle of the tube. Then there is a sharp density
decrease to about 350 kg/m?® . A density of 500 kg/m? corresponds to a liquid mixture while a
density of 400 kg/m? and less corresponds to a gas mixture. The correspondence between density
and phase-state will be discussed later. Pressure data and densities at different time intervals
demonstrate that a steady state has been established for the data presented in Figure 2. Figure
4-a shows measured pressure data for well MY2 at different time intervals after the well is closed

at the surface. Note that the wells are always connected to the formation. The pressure data
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show that a steady state is reached after a few days of shut-in from the surface. Calculated
densities from pressure data in well MY2 also show the establishment of steady state (see Fig.
4-b). Results for other wells show the same trend as in well MY?2.

The composition, density, and pressure data in the formation from well AK1 (which is about
5 km from MY2, see Fig. 3) are shown in Fig. 5. Figure 5-a shows that methane concentration
decreases from about 81% (mole) at the bottom to about 79% at the top of the formation in
well AK1. Data also reveal that the high molecular weight species are more concentrated at
the top; heptane-plus concentration increases from about 5% at the bottom, to about 6% at
the top (see Fig. 5-b). Both methane and heptane-plus concentrations have an unusual vertical
distribution. The data in the literature have an opposite trend;>>~7 methane concentration
decreases with depth, while heptane-plus concentration increases with depth. Figure 5-C shows
measured density with a decreasing trend vs. depth in the formation; the fluid density at the
top is 25% higher than that at the bottom. The measured dew-point pressure is shown in Fig.
5-d; the dew-point pressure increases significantly with depth. For the published data in the

literature, the dew-point pressure has the opposite trend.

Theoretical Background

Pressure gradient in an isothermal cavity containing a multicomponent mixture results in a
diffusion mass flux (the so-called pressure diffusion) and leads to the segregation of the large
molecules to the high pressure side. In a gravity field, the high pressure side is the bottom in
the direction of depth increase. The segregation expression in the form of the simple differential

equation, that is, Eq. 1, can predict the effect of pressure diffusion (in the gravity field) on
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species spatial distribution at isothermal conditions. The use of Eq. 1 may not produce valid
results in a non-isothermal field. In subsurface hydrocarbon formations, temperature increases
around 2 to 4 K/100m with depth. When there is no gravity effect, a temperature gradient
in a hydrocarbon formation may result in the segregation of the light components (methane,
for instance) towards the hot side (bottom of the formation) and the large molecular species
(heptane-plus, for instance) toward the cold side (top of the formation) due to thermal diffusion
—the so-called “Soret effect”.

In a non-isothermal multicomponent system, three diffusion processes compete: pressure
diffusion, thermal diffusion, and molecular diffusion (Fickian diffusion, which has the tendency
to homogenize the multicomponent mixture). The species distribution is mainly the result of
these three competing diffusion processes in a convection-free system. When there exists a
horizontal temperature gradient, convection always occurs in the formation; it is, consequently,
the combined effect of convection and diffusion that determines the phase and species distribution
in a formation.

In a recent theoretical study, Riley and Firoozabadi® included the effect of convection and
all three diffusion processes on species distribution in a cavity. They demonstrated that for a
binary mixture of methane and normal butane with typical horizontal and vertical temperature
gradients of hydrocarbon formations, methane (light component) segregates to the bottom re-
gion when the permeability is low. This tendency from the thermal diffusion overrides pressure
diffusion (that is gravity), so that butane (heavy component) ”floats” above methane. Riley and
Firoozabadi selected methane-butane mixture because thermal diffusion coefficient, molecular
diffusion coefficient and volumetric behaviour have been measured for this binary. In two recent

papers, Bou-Ali et al.!®!! present experimental data in annular slot of height equal to 44 cm and

152



annular gap width equal to 0.193 cm (aspect ratio &~ 220) —in the so-called thermogravitational
column, and demonstrate that in fact the coupling of convection and thermal diffusion can give
rise to a steady state adverse density gradient; a heavy liquid mixture floats on the top of a
lighter liquid mixture in a thermogravitational column with a horizontal temperature gradient of
10* K/m. These authors considered binary mixtures of benzene and toluene with methanol and
ethanol.

In the Yufutsu field, due to the combined effect of low horizontal temperature gradient, the
low effective permeability (below 0.1 md in most parts), and the near-critical fluid,? the effect of
convection on the fluid distribution in the formation can be neglected. We modeled convection
in some calculations and the results show that in fact convection is negligible at low permeability
as we will discuss soon.

Until very recently, there were no sound models for thermal diffusion flux and thermal diffusion
ratios for a mixture of more than two components. Firoozabadi et al.'? derived a theoretical model
for thermal diffusion ratios using the thermodynamics of irreversible processes and the molecular
kinetic approach incorporating explicitly the effect of non-equilibrium properties and equilibrium
properties. With their formulation, we can proceed to model the data presented in Figs. 2, 4,
and 5.

It is established in the literature that the effect of thermal diffusion on the species spatial
distribution increases as the critical point is approached.'®'* From the model derived by Firooz-
abadi et al.,'? it has been shown that the thermal diffusion effect is closely related to the distance
to the critical point; the closer the multicomponent mixture is to the critical point, the more
significant is thermal diffusion. Because of the near-criticality of the hydrocarbon mixture in

the Yufutsu field, thermal diffusion is the main phenomenon affecting compositional variation; it
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causes the unusual observations discussed in the previous section.

In the theoretical modelling presented in the following, we do not include the process of
filling, leakage, and biodegradation in the formation. We have carried out, however, calculations
for the transient time with and without convection. An element of the formation of width
equal to 1 km and thickness equal to 100 md was filled with a homogeneous fluid mixture from
the reference interval (data to be presented in next section). It takes 1 to 3 million years to
establish steady state from the combined effect of the three diffusion processes. With convection,
it takes somewhat longer —about 2 to 6 million years for permeabilities of 0.01 to 1 md. With
a permeability of 0.1 md, which is a typical permeability for the formation, there is very little
effect of convection on species distribution when results are compared with the free-convection
case.

In the wells, the aspect ratio is tubing diameter /tubing length ~ 0.15m/5000m=3x10"° and
there is a very low horizontal temperature gradient in the formation=5 x 107*K/m. One may,
therefore, neglect natural convection. In view of these facts, and that the analysis of the stability
with pressure diffusion has not yet been established in the convection literature, we will include
only diffusion processes in our modelling. The comparison of the predicted results with measured

data can then verify the validity of the assumption.

Model

A theoretical model based on the powerful concepts of the thermodynamics of irreversible pro-
cesses is employed to predict the unusual data described above. The model uses the expression of

the diffusion flux from Ghorayeb and Firoozabadi;'® it incorporates the thermal diffusion factors
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from the model derived by Firoozabadi et al..'?

Ghorayeb and Firoozabadi'® used: 1) the entropy production expression;'® 2) phenomeno-

17,18 3) Onsager’s reciprocal

logical laws of the thermodynamics of the irreversible processes;
relations;'"!® and 4) equilibrium thermodynamics at a local level'® to derive the molar diffusion

flux based on the molar average velocity J = (J_;, v J_;L,1> in a non-ideal fluid mixture of n

components. The flux expression reads

J = —¢(DM.vx+D*.VT +DP.Vp), (2)
where
DM = [D,j],

D" = (D], .., D}_,),

DP = (Dzl)a "o D£—1) :
and

Vx = (Vzy1, .., Va, 1);

cand z;, 1 = 1, ..., n — 1 are the total molar density and the mole fraction of component ¢,

respectively. Other symbols are: the molecular diffusion coefficients D;; (m? s™'), the thermal
diffusion coefficients D] (m? s7' K™'), and the pressure diffusion coefficients Df (m? s~! Pa™!).
Detailed expressions of the above coefficients are provided by Ghorayeb and Firoozabadi.'® Eq.

2 can also be written as Ghorayeb and Firoozabadi'®
J = —¢(DMLW.JF.Vx+DKyr VI + DMLV Vp), (3)

where L = [L;;] is the matrix of the phenomenological coefficients Ghorayeb and Firoozabadi.'
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The symbols in Eq. 3 are defined by:

Oln f;
F = [E]] = 8nf ] 7”.7 = 1a ) n_la
Lj lx;,r,P
Mixi

M:x; + M,x,
e = [

J

Ois
”] i,j=1, .., n—1.

In the above expressions, R, f; and d;; denote the universal gas constant, the fugactiy of compo-
nent ¢, and the Kronecker delta, respectively; the subscript x; is defined by (1, ..., -1, Zj11, ..o, Tn—1)-
Ko represents the column vector of the thermal diffusion ratios in a multicomponent mixtures.

From Firoozabadi et al.'? Kt can be written as:

M, x,

Kt = M.L.Q. 4
T RT? Q (4)
The column vector Q is given by
Q; Q; .
= |=--=1 =1 -1
Q [Mi M, ‘Tt

Qr is the net heat of transport of component 7 given by Firoozabadi et al.'?

zn: .TjAUj

-
=1

AU;
+

T;

Vi

Q: = - n —
Zj:l z;V;

1=1, ..., n, (5)

where AUj is the partial molar internal energy departure of component i and 7; = AU;*? /AUY*;
AU and AU}* are the energy of vaporization and the energy of viscous flow of pure component
i, respectively. AU; is calculated using the PR-EOS;'® the values of 7; used in this work are

described later in this article. Using Eq. 4, Eq. 2 reads

M'fl n
J = —¢ (D.M.L.W.F.Vx + mf; D.M.L.Q VT + D.M.L.V Vp) . (6)
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At steady state, the diffusion flux vanishes; Eq. 6 then reduces to

Mnxn
W.F.Vx + T QVT+VvVVp = 0. (7)

At isothermal conditions, Eq. 7 reads
WFEVx+VVp = 0 (8)

which provides the condition for thermodynamic equilibrium in an isothermal n components
mixture. One can readily derive Eq. 1 from Eq. 8.

When pressure and composition are known at a reference-point (the sample point), one can
calculate composition and pressure in the entire column starting from the reference-point. The
superscript m and m — 1 appearing in the following denote grids m and m — 1 in the vertical
direction (assuming that composition and pressure are known at grid m — 1). Given pressure
and composition at depth z™~!, Eq. 7 can be written at depth 2™ to obtain the unknowns using

a forward first-order finite difference scheme:

n—1n—1
DY WPy (2 —af ') +pgVi (" — 2" ) +
=1 k=1
M, x, m m— .
Mot qu(re ) =0, i =1, n 1 ©

m-1i=1, .., n—1 at depth

Eq. 9 is solved using the Newton method. Given p™~!, and z}
2™ 1 the initial guess for solution at depth 2™ for p™ and z!" is taken as p™ ' and :1:;”—1, respec-
tively. This procedure converges quadratically everywhere in the vertical column except when
crossing a gas-liquid interface. Because of the discontinuity of composition and pressure gradient
across a gas-liquid interface, a special numerical treatment is used for convergence. Assume that

the mixture at 2™~ ! is liquid. After each Newton iteration, the state of the intermediate solution
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is tested (whether it is single- or two-phase). Once we find that the intermediate solution is in a
two-phase state, it is forced to come back to the single-phase state by selecting the liquid-phase
composition as an intermediate solution. We repeat the process a fixed number of times (say 30
times); if the mixture is still in a two-phase state, the implication is that there is a phase change
through an interface.

If the transition from liquid to gas occurs between depths 2™° and 2™ *!, we assume isothermal
conditions between the two depths, which is a good approximation, provided that z™o*+! — z™o g

very small. The isothermal assumption implies that the temperatures at point 2™ and z™°*!

are
equal and allows the use of Eq. 8 for calculating the solution at z™*!. The numerical solution
of Eq. 8 at 2™ ™! (starting from the solution at 2™ as the initial guess) converges, provided that

the state of the intermediate solution is tested at each Newton iteration; when the two-phase

region is encountered, the gas-phase is selected as the appropriate state.

Results and Discussion

Table 1 presents composition and other relevant information for the reference-interval in well
AK1 selected as the reference-point (the depth of the reference-point is the mid-depth of the
reference-interval). The sample contains small amounts of nitrogen and carbon dioxide which
are added to methane. The critical parameters and the acentric factor of Csp, (triacontane and
heavier species) are slightly adjusted to match the measured constant volume depletion (CVD)
data.?’ The agreement between data and calculations is very good, except for the dew-point
pressure, where calculations using the Peng Robinson equation of state (PR-EOS)! provide a

value which is about 20 bar lower than the measured dew-point pressure. The critical parameters
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are from the Cavett correlation;?! the critical temperature, the critical pressure and the acentric
factor for Csg, are: T, = 910.55 K, p. = 8.620 bar and w = 1.955. To match the measured CVD
data with the calculations from the PR-EOS, T,, p. and w of Cz, are decreased 9%, 18%, and
25%, respectively.2? The temperature varies almost linearly vs. depth as previously discussed.

Figure 6 shows the model results together with data. The agreement between model predic-
tions and data is good for methane (Fig. 6-a), heptane-plus (Fig. 6-b), and density (Fig. 6-C).
However, the agreement between dew-point data and the predictions is not good (Fig. 6-d). This
is to be expected because even at the reference-point the predicted dew-point is some 20 bar lower
than the measured value. For z < 3941 mSSL, the predicted hydrocarbon mixture exhibits a
dew-point pressure behaviour (Fig. 6-d). At z = 3941 mSSL a transition dew-point pressure
/ bubble-point, pressure behaviour is predicted. The transition gas-liquid causes a significant
increase in density (Fig. 6-c) without a distinct gas-liquid interface; composition and pressure
gradient are continuous in the formation. Note that without thermal diffusion, methane and
heptane-plus segregate towards the top and the bottom of the formation, respectively (results
are not shown). It is only due to the strong effect of thermal diffusion that this opposite effect
is observed.

One main purpose of this work is to predict data in Fig. 2 using our diffusion model and
relate the observed well-tube data to those in the formation. In the following, we present results
from wells MY1 and NMI1 since recent samples from these two wells at shut-in conditions are
available. Table 2 presents composition and other relevant data at the reference-point for these
two wells.

In view of the large variation of the molecular weight of C3o, across a vertical column of 5 km,

we assume that Csg. molecular weight varies linearly with its mole fraction. The slope and the
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constant of this linear variation are determined from data at the reference-point, and assuming
that, when the mole fraction of Csp; becomes very small, the molecular weight of Cszo, is equal
to that of Cgy. The Csg, critical properties and acentric factor are not adjusted, however, for the
change in the molecular weight. The 7 values (see Eq. 5) in Table 1 are for the critical region (in
the formation). Above the formation in the tubes, the fluid moves away from the critical region
as depth decreases. We assume that 7 used for calculating the thermal diffusion coefficients varies
linearly vs. depth with values at the bottom of the well equal to those in Table 1; at the top of
the well (far from the critical conditions), 7; = 4.0, 1 = 1,n.2% A constant value 7; = 4.0, i = 1,n
from Ghorayeb and Firoozabadi?* provides results which are in good agreement with data. Note
that due to the assumptions in deriving the expression for the thermal diffusion factors in the
critical region,?? the adjustment of the 7 values is justified in the manner performed in this work.

Figure 7 depicts density and pressure vs. depth from the data and the model for wells MY1
(Fig. 7, left) and NM1 (Fig. 7, right). An excellent agreement between density and pressure data
and theory is observed. In order to analyze the results, we calculate the saturation pressure along
the 5-km long tubes; the results are presented in Figs. 7-a and c. Results from the saturation
pressure calculation show that there exists liquid in the middle of the tube and gas at the bottom
and at the top. A transition gas-liquid (without a distinct gas-liquid interface) occurs in the lower
part of the tube (Fig. 7-a and Fig. 7-c), as already shown in the previous section. Composition
and pressure gradient are continuous when crossing this transition; the mixture changes from a
dew-point pressure to a bubble-point pressure behaviour. This transition occurs at z = 3801 and
z = 3550 mSSL for MY1 and NM1, respectively. A liquid leg exists for 2465 < z < 3801 and
2775 < z < 3550 mSSL for MY1 and NM1, respectively. Density reaches a maximum at z = 2465

and z = 2775 mSSL for wells MY1 and NM1, respectively, as shown in Fig. 7-b and Fig. 7-d.
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At the top, a liquid-gas transition occurs via a distinct gas-liquid interface where composition
and pressure gradient are discontinuous. Density is, consequently, discontinuous at this depth;
it drops from 583.5 to 319.5 kg/m? for well MY1. Note that the dew-point pressure increases
with depth for z < 2775 mSSL while it decreases with depth for z > 3801 mSSL. This is the first
report of such a behaviour for dew-point pressure vs. depth in the literature for a hydrocarbon
formation.

For further investigation of the correspondence between density and phase-state, we calculated
the phase envelopes (pressure-temperature diagrams) for five representative samples in the shut-
in well MY1: one sample from each of the three regions described above and depicted in Fig. 7,
as well as two other samples corresponding to the limit of the gas and liquid regions (which meet
at the gas-liquid interface around the middle of the tube). The results are shown in Fig. 8. The
temperature for samples (II) and (III) is less than the critical temperature (liquid region), while
it is greater than the critical temperature for sample (I) (gas region). Note that the critical point
for the top two samples (IV and V), if it exists, should be to the left of the solid circles in the
pressure-temperature diagrams.

In summary, model results, which are in excellent agreement with data, show a unique be-
haviour: the shut-in tubes consist of three regions 1) gas in the lower part where the dew-point
pressure decreases with depth, 2) liquid in the middle where the bubble-point pressure increases
with depth, 3) gas in the upper part where the dew-point pressure increases with depth. The
expressions used in our calculations are mainly based on the relations derived from the thermody-
namics of irreversible processes. This work shows clearly the usefulness of the thermodynamics of

irreversible processes in the understanding of unusual fluid distributions in the earth’s subsurface.
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Nomenc lature

viS __
Uy =

.

=
Il

total molar density, mole/m?

molecular diffusion coefficient, L?/t, m?/s
pressure diffusion coefficient, L*t/m, m?/s.Pa
thermal diffusion coefficient,L? /tK, m?/s. K
fugacity of component 7, m/Lt?, Pa
acceleration of gravity, L./t?, m/s?

molar diffusive flux of component ¢, mole/m?.s
thermal diffusion ratio of component ¢
phenomenological coefficients

total molecular weight, kg/mole

molecular weight of component i, kg/mole
number of grids in the horizontal direction
number of components

pressure, m/Lt?, bar

net heat of transport of component 7

gas constant, Pa.m?/K.mole

temperature, T, K

= energy of vaporization of component ¢

energy of viscous flow of component i
partial molar internal energy of departure of component

partial molar volume of component 7
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r; = mole fraction of component i, dimensionless

z = vertical position (positive downwards)
i = chemical potential of component

0 = Kronecker delta, dimensionless

p = density, kg/m?

w = acentric factor, dimensionless
Superscript

0 = reference-point

b = reservoir bottom

¢ = critical point

bub = bubblepoint

dew = dewpoint

n = Newton iteration

m = grid in the vertical direction
t = reservoir top

sat = saturation
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‘ Composition ‘ x; ‘ M; ‘ ke ‘ Ti

Gy 0.7923 | 16.043 | 0.000 4.0
Cy 0.0758 | 30.070 | 0.000 4.0
Cs 0.0312 | 44.097 | 0.000 4.0
iC4-nCy 0.0177 | 58.124 | 0.000 3.5
iCs5-nCs 0.0076 | 72.151 | 0.000 2.5
Cs 0.0157 84.0 | 0.000 2.2
Cr7-Cy 0.0196 | 107.0 | 0.016 2.0
Ci10-Cr2 0.0108 | 147.0 | 0.019 1.8
C13-Cys 0.0086 | 190.0 | 0.029 1.6
Ci16-Crg 0.0076 | 237.0 | 0.035 1.4
Cag0-Caa 0.0062 | 305.0 | 0.037 1.2
Ca5-Cag 0.0039 | 374.0 | 0.037 1.1
Cao+ 0.0029 | 585.0 | 0.045 0.9
Mid-depth=4032 mSSL
T =409.81 K
P = 530.39 bar
Piew = 524.53 bar
Perforation intervals (mSSL): 4002.0 — 4026.0 and
4038.0 — 4062.0

Table 1: Data at the reference-interval in well AK1: composition (z;), molecular weight (M),
interaction coefficients between methane and all the components /pseudo-components (kc, ;), and
Ti
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| Composition MY1 | NMT |

Cy 0.7646 0.8003
Cy 0.0815 0.0778
Cs 0.0379 0.0326
iCy4-nCy 0.0230 0.0179
iC5-nCs 0.0094 0.0072
Ce 0.0066 0.0049
Cr-Cy 0.0305 0.0252
C10-Ci2 0.0131 0.0091
Cy5-Cis 0.0093 0.0068
Ci6-Cig 0.0080 0.0061
Ca0-Cas 0.0066 0.0051
Ca5-Cag 0.0040 0.0030
Cso+ 0.0055 0.0040
Mid-depth, mSSL 4614.0 4233.8
T, K 422.03 414.82
P, bar 531.84 535.70
Pjey, bar 483.23 529.63
My, , g/mole 762 630
Perforation intervals (mSSL) | 4394.3 — 4423.0 | 4181.7 — 4289.1
and
4474.8 — 4752.8

Table 2: Relevant data at the reference-interval in wells MY1 and NM1
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Figure 1: Schematic of a well tube and the hydrocarbon formation. The geometry is a 5-km
vertical tube with 15 cm as diameter. The tube bottom part (around 1 km) is perforated
allowing its communication with the hydrocarbon formation. The well is an open space and the
hydrocarbon formation is a permeable medium. The shaded area is not part of the hydrocarbon

formation.
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Figure 2: Measured pressure (@), and density (b) data of four different wells. (e): MY1, sampling
date: 03/1999, shut-in period = 9 days; (e): MY2, sampling date: 10/1999, shut-in period = 560
days; (e): NM1, sampling date: 03/1999, shut-in period = 148 days; (e): NM2, sampling date:
10/1999, shut-in period = 1112 days. Measured pressure data for MY1 is about 20 bar less than
the other wells (MY1 is the only producing well in the Yufutsu field).
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Figure 3: Location of wells in the horizontal plane
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Figure 4: Measured pressure (a) and density (b) data for Well MY2. (o) sampling date: 03/1996,
shut-in period = 61 days; (e) sampling date: 03/1999, shut-in period = 357 days; (e) sampling
date: 10/1999, shut-in period = 560 days.
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Figure 5: Measured data at four different depths from well AK1. (e) represents: the mole fraction

of methane (@), mole fraction of heptane-plus (b), density (C), and pressure (d). (o) represents
the measured dew-point pressure (d).
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Figure 6: Measured data and model predictions for well AK1: predicted results from our model
for the mole fraction of methane (&), mole fraction of heptane-plus (b), density (c), and pressure
(d) are shown by solid lines. (e) represents: the mole fraction of methane (a), mole fraction of
heptane-plus (b), density (), and pressure (d). (o) represents the measured dew-point pressure
(d). The dashed line in d represents a dewpoint pressure region (gas region); the long dashed
line represents a bubblepoint pressure region (liquid region). The shaded part in @, b, ¢, and d
is not part of the hydrocarbon formation.
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Figure 7: Measured data and model predictions from two different shut-in wells: MY1 (left) and
NM1 (right) which are about 4 km apart. (e) represents measured data for both pressure and
density; predicted results from our model for pressure (a and ¢) and density (b and d) are shown
by solid lines. The dashed lines in a and ¢ represent a dewpoint pressure region (gas region); the
long dashed lines represent a bubblepoint pressure region (liquid region). Detailed information

about these regions is provided in Fig. 8.
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Figure 8: Predicted phase envelopes (pressure-temperature diagrams) at five depths for well MY 1:
(1) gas; (Il) liquid; (1) liquid at bubble-point pressure (limit of the liquid region); (V) gas at dew-
point pressure (limit of the gas region); (V) gas. The exact depths of these samples are shown by
e in the density/depth plot; (e) also represents the location in the pressure-temperature diagrams
of samples (I) through (V). (o) represents the critical point at the corresponding composition.
The critical temperature for (1V) and (V), if it exists, is less than 200 K.
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